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This thesis is dedicated to Mary Perks, my grandmother. 
The trees are coming into leaf 
Like something almost being said; 
The recent buds relax and spread, 
Their greeness is a kind of grief. 
Is it that they are born again 
And we grow old ? No, they die too. 
Their yearly trick of looking new 
Is written down in rings of grain. 
Yet still the unresting castles thresh 
In fullgrown thickness every May 
Last year is dead, they seem to say, 




This study investigated the physiological response to drought of a 41-year-old Pinus 
sylvestris stand in south central Scotland. The effect of prolonged water stress was 
quantified using measurements of leaf conductance and net photosynthetic rate, leaf 
water potential, xylem water content, sap flow, xylem abscisic acid and soil moisture. A 
simultaneous study at the same site using sap flow sensors allowed comparison with the 
estimated canopy conductance. Comparsions were made between water-stressed plots 
and control plots, which received an average-season soil moisture. Throughout the year 
ultrasonic acoustic emissions, indicative of cavitation in the xylem, were evident in both 
treatments, with maximum rates in the water-stressed tress of 120 c.p.m. The imposed 
drought (April-August) resulted in approximately a 15% reduction in the number of 
functional conduits but no adverse affects on the above ground hydraulic resistance were 
evident. This may be the result of 'spare capacity' in the amount of conducting tissue or 
may be indicative of refilling. Under water-stress a significant increase in xylem 
embolism was detected in 1-year-old shoots. Leaf-level conductance measurements 
established a strong reduction in conductance with increasing vapour pressure at the leaf 
surface and a reduction in transpiration and assimilation. Maximal levels of stomatal 
conductance, under ambient conditions, were 280 mmol m 2 in water-stressed trees 
and 315 mmol m2 s.  in control trees. Maximum net photosynthesis rates were 
approximately 4.5 tmol m 2 s 1 in both treatments. Stomatal control of transpiration 
prevented needle water potential from declining below -1.5 MPa. Strong restrictions on 
midday conductance at both the leaf and stand levels were apparent when soil 
volumetric water content declined below a threshold of 12 %. The results show an 
immediate response of leaf conductance to the onset of drought and suggest a 
mechanism involving sensing of soil water status. There was an increase in ABA in the 
xylem sap to 600 jtmol m 3 at the height of the drought, but the observed stomatal 
closure preceded any increase in ABA1. Calculations of ABA delivery times suggest it 
may take a chemical signal in excess of six weeks to travel from root to shoot in a 
mature conifer at the peak of the prolonged water-stress. It is therefore suggested that 
ABA signals from the roots are not the primary cause of stomatal closure in conifers. 
Overall, the results suggest that mature Scots pine have sufficient levels of stomatal 
control to avoid significant and deleterious xylem embolism, though primary control via 
a root-produced chemical signal in mature trees is questioned. 
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List of Abbreviations 
71 	 the dynamic viscocity of a fluid 
'-FL 	 bulk leaf water potential: suffix PD  pre-dawn, suffix MIN  daily minimum 
Pw the density of water 
Ps the density of wood 
Al leaf net photosynthesis (assimilation) 
[ABA] abscisic acid concentration 
ABA1 xylem sap abscisic acid concentration 
c height at base of tree crown 
D vapour pressure deficit: suffix 	at leaf surface, suffix o  at  gmax  
(calculated parameter) 
DBH diameter at breast height 
9C canopy stomatal conductance 
gcr canopy stomatal conductance ratio 
9S leaf stomatal conductance 
GCM global circulation model 
1 length 
In natural logarithm 
J sap flowrate 
MCT mobile computer tomography 
MPa megapascal (pressure) 
NMR nuclear magnetic resonance 
AP hydrostatic pressure gradient 
pH acidity 
PAR phototsynthetically active radiation 
QS sap flow velocity 
r radius 
R w relative water content 
SMD soil moisture deficit 
SPAC soil-plant-atmosphere continuum 
T time 
TDR time domain reflectometry 
UAE ultrasonic acoustic emissions 
v velocity of sap flow: suffix 1  at tree base, suffix 2  at crown base 
Vf fresh volume of a sample 
VPD vapour pressure deficit 
VWC volumetric water content 
Wd dry massofa sample 
Wf fresh mass of a sample 
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The Forest Biosphere 
The physiological response to stress of the genus Pinus has received considerable 
scientific attention compared to that given to other tree species. The reasons for this 
interest are the important ecological role that pines play in plant communities in the 
northern hemisphere, and their economic importance in both hemispheres (cf. Knight 
et al. 1994). Individual pine species have the ability to survive and grow on a range 
of stressful sites, often including combinations of low nutrient availability, dry soils 
and extreme temperatures. A physiological explanation of the factors which 
combine properties of stress tolerance and high productivity has inevitably led to an 
interest in the performance and control mechanisms involved in pine forests. Of the 
northern temperate pine species Scots pine (Pinus sylvestris L.) is the most widely 
occurring two-needle pine, with a transcontinental distribution (Wright & Bull 1963; 
Boracynski 1991). It is of huge commercial importance in Europe. In Scotland 
substantial plantations and ecologically and culturally important remnant native 
populations of Pinus sylvestris exist at the north-western limit of this distribution. 
Future Climate Change 
Changes in the world's climate, linked to increases in the concentration of carbon 
dioxide and other greenhouse gases in the Earth's atmosphere, have the potential to 
significantly affect forests and the practice of forestry. Forests occupy 27 % of the 
terrestrial land surface (Ciesla 1995) and have an important effect upon both the 
global water and carbon cycles (Schlesinger 1997). At the regional, national, 
European and global level it is therefore imperative that an increased knowledge of 
the physiological response to drought is obtained: models of global warming have, 
under some scenarios, predicted more extended periods of water deficit (Manabe & 
Weatherald 1985, 1986; Weatherald & Manabe 1995) and greater variability in 
precipitation (Rind, et al. 1990). Climate changes as projected for the next century 
will most likely affect both the environment and growth of forests (Houghton 
Callander & Varney 1992). Effects will probably occur at a number of scales in time 
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and space, influencing plant physiology (e.g. Mooney et al. 1991), the competition 
between constituent species of a region (e.g. Solomen 1986) and the global 
distribution of major vegetation types (e.g. Prentice et al. 1992). Temperate and 
boreal forest ecosystems are of particular interest, since global climate changes are 
likely to be greatest at high latitudes (Saxe, Ellsworth & Heath 1998). It is generally 
believed that species with broad geographic ranges and much intraspecific variation 
will be the most likely to survive climate change. Pinus sylvestris is one such 
species. However, with the recent explosion of interest in the native remnant 
component of this species in Scotland, and various projects devoted to the extension 
of this ecosystem, the response at a local and regional level to perturbations in the 
current climatic regime is of particular importance. Such considerations equally 
apply to the plantation forestry of Scotland. 
Forestry in the UK & Europe: potential effects of climate change 
Whilst predictions from global circulation models (GCM's) are notoriously 
unreliable (Schneider 1992) current estimates for the UK predict that climatically the 
most critical changes will be in extreme conditions, notably that the occurrence of 
hot, dry summers is likely to increase (CCIRG 1991). In the same report it was 
stated that considerable changes are likely, but adaptation is possible in the forestry 
sector (among others). Estimates with regard to summer precipitation suggest 
probably no change, but with a range of uncertainty of ± 11 % by 2030 (16 % by 
2050). Temperature variations are thought to have an overriding influence on tree 
health and growth in Scotland (Grace 1987; Grace & Unsworth 1988). Even so it is 
likely there would be greater evaporation in the warmer climate, and thus drier soils. 
The occurrence of hot summers is predicted to double by 2030 to a frequency of once 
in every 10 years. In short, forest responses to climatic change are as sensitive to the 
effects of warming on water supplies as they are to direct effects of warming on tree 
growth (Cannell, Grace & Booth 1989). 
In Pinus sylvestris stands, both plantation and relict native woods, it is therefore 
imperative at a regional scale (possibly incorporated as sub-routines to larger scale 




The effects of water deficits on plants are widespread, affecting many physiological 
processes (e.g. Kozlowski 1991): rates of cell expansion are reduced and thus new 
leaves are smaller which in turn affects growth rate. Rates of photosynthesis may 
also decline in response to stomatal closure (Grace 1997). However, current 
knowledge is still incomplete concerning the link between water deficits and 
stomatal conductance. Stomatal aperture (conductance) controls both the water lost 
by the plant and the rate of assimilation, by restricting the carbon dioxide available 
for photosynthesis. During drought stomatal opening appears to be more closely 
related to soil water availability than to the bulk leaf water potential. Two potential 
mechanisms for the feedback response of stomatal aperture to soil water status have 
been proposed: the so-called chemical system, based on the transport of root-
produced ABA (e.g. Davies et al. 1994; Davies, 1995; Bunce 1997) and hydraulic 
(physical) system, based upon variations in intra-leaf water potential gradients, 
altered in response to a hydraulic signal through the soil-plant-atmosphere continuum 
(SPAC) (e.g. Saliendra etal. 1995; Fuchs & Livingston 1996). 
In mature trees few studies of the effects of water stress have been attempted: the 
majority of work, to date, has involved controlled experiments on small plants grown 
in containers. It has been suggested that variations exist between seedlings and 
mature trees such that results are not directly applicable from one scale to the next 
(Dougherty, Whitehead & Vose 1994; Arneth et al. 1996; Saxe, Ellsworth & Heath 
1998). Therefore increases in the knowledge of physiological responses of mature 
trees to water stress are essential both for the testing and validation of proposed 
control mechanisms of stomatal conductance and for models of plant response to 
climatic perturbations. Central to this thesis is the concept of 'vulnerability to 
cavitation' (Tyree & Sperry 1989a). Vulnerability affects the threshold tension for 
cavitation of the water columns in the xylem, and consequent effects on the mature 
tree. The mechanism(s) for the control and avoidance of cavitation and the potential 
of continued deleterious effects arising from a reduction in the water transporting 
capacity, resulting from conditions in one year, and the possibility of such effects 
being carried over to subsequent years, are also central to this thesis. 
1.2 CONCEPTS 
Water deficits 
The above 'scene-setting' outlines the potential importance of an increased 
knowledge of the physiological response of forests to drought. Deleterious plant 
water deficits occur where transpiration (water loss) exceeds absorption (water 
uptake). Movement of water from soil to leaves through a transpiring plant can be 
regarded as occurring against the substantial frictional forces in the xylem, along a 
gradient of decreasing water potential, produced by the loss of water in transpiration. 
It is generally accepted that water is transported in a 'meta-stable' state, i.e. it is under 
considerable tension when the plant is actively transpiring (the cohesion-tension 
theory of water transport) (Bohm 1893: Dixon & Joly 1895). The cohesive water 
columns are continuous from root to shoot and, when the tension within the water 
pathway exceeds a critical threshold, the water colunm may break due to a transition 
from water to water vapour within a conduit (cavitation - see below for details). 
Meta-stable states often, but not always, change to stable states upon a slight 
disturbance (Oertli 1993). This leads to an air blockage or embolism in the conduit, 
which is thus rendered inoperative for water transport, and results in an increase in 
resistance to water flow through the SPAC. The design of the water conducting 
conduits in conifers is such that air-filled tracheids are isolated and prevent the 
spreading of emboli throughout the conducting system. A decline in tissue water 
potential and increase in xylem embolism can thus interfere with the normal 
functioning of the tissues. A critical water potential for cavitation is most likely to 
be exceeded under drought conditions. 
Cavitation 
The Mechanism 
It has been recognised that sap transport in the xylem, with water under negative 
pressure, is potentially vulnerable to cavitation (Tyree & Sperry 1 989a; Sperry et al 
1994). 
Cavitation was first measured in the xylem tissues by acoustic means on 6th  February 
1963 in the laboratory. of J.A. Milburn at Aberdeen University, Scotland, U.K., on 
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the petiole of a detached leaf of Ricinus, the castor-oil plant (Milburn & Johnson 
1966), though the idea of listening for cavitation itself was not new (Dixon 1914). 
At first cavitation was regarded as occurring only in extremis though it has since. 
become recognised as a common occurrence (Tyree & Sperry 1989a), and has been 
shown to occur under normal and droughted summer field conditions (Ikeda & 
Ohtsu, 1992; Sperry et a! 1994; Jackson, Irvine & Grace 1 995a; Alder, Sperry & 
Pockman 1996), and under freeze-thaw conditions (e.g. Robson & Petty 1993; 
Sperry 1993). The mechanism of cavitation is still debated, though it is widely held 
that cavitation is caused by aspiration of air bubbles into functional conduits through 
the intervessel pit membranes or through pores in the conduit wall, the so-called 'air 
seeding hypothesis' (Zimmerman 1983). In situations of freeze-thaw cycles 
cavitation is thought to occur by nucleation of bubbles, formed during freezing, when 
tension is re-established in the xylem (Zimmerman 1983; Robson & Petty 1993). 
The air-seeding hypothesis is widely supported by both experimental evidence and 
theoretical calculations based on pit membrane pore size (e.g. Sperry & Tyree 1988; 
Tyree & Donnelly 1988; Oertli 1993). From experimental data a 'threshold to 
cavitation' (i.e. threshold water potential) is evident. It is species specific, though the 
apparent threshold may vary with season or the previous stress regime to which the 
plant has been exposed, due to variations in the overall degree of embolism in the 
plant. Variations in the threshold for vulnerability to cavitation may be dependent on 
vessel size, large vessels cavitate first (they are the most vulnerable), or vulnerability 
may be a function of pit-membrane pore size (Crombie, Hipkins & Milbum 1985). 
Staining techniques have shown cavitation to be vessel size dependent in Ceratonia 
(Lo Gullo & Salleo 1991) but a correlation between water-stress-induced cavitation 
or hydraulic conductance and conduit volume was not observed, for several species 
of tree, by Sperry et al. (1994). Under conditions of prolonged stress the apparent 
vulnerability to cavitation threshold may therefore decrease as the most easily 
cavitated vessels become embolised and non-conducting. Overall, the fact that 
xylem water pressures are below atmospheric pressure is advantageous, however, as 




The original system developed by Milbum used a record-player pick-up and required 
a soundproof room to overcome the problems of interference from background noise. 
Interest was therefore limited until detectors working in the ultrasonic frequencies 
were applied to the study of cavitation in plants (Tyree & Dixon 1983; Sandford & 
Grace 1985; Tyree & Dixon 1986). These sensors were unaffected by most 
background noise, thus allowing field portability. Since then several commercial 
acoustic monitors have been developed which have improved upon early designs 
(Tyree & Speny 1989b). Acoustic events can now be recorded for extended periods 
of time on various plant organs, and have been used as an index of plant water stress 
(e.g. Tyree & Dixon 1983; Borghetti et al. 1989; Kikuta et al. 1997). The advantage 
of estimating xylem cavitation by the ultrasonic acoustic emission method is that it is 
a non-destructive technique that can be performed continuously, for an extended 
period, on the same plant organ. Thus it is able to reveal how real-time 
environmental variability affects plant water relations (Jackson & Grace 1996; 
Kikuta et al. 1997). However, the disadvantage of this technique is that it provides 
only semi-quantitative data due to (1) variable sensor listening distance, (2) the 
potential of non-conducting elements to produce 'irrelevant' acoustic emission events 
(fibre tracheids, living parenchyma cells) at similar frequencies, and (3) the fact that 
the effect of a given number of emissions on hydraulic conductance and, hence, 
water transport is difficult to estimate (Tyree & Sperry 1 989a; Oertli 1993; Jackson 
& Grace 1996). Nevertheless, the UAE technique has previously been shown to 
measure essentially the same phenomenon (xylem cavitation and embolism) both 
qualitatively and quantitatively as the destructive hydraulic technique of Sperry, 
Donnelly & Tyree (1988) for several conifer species, including Pinus sylvestris 
(Cochard 1992), in Ceratonia siliqua L. (Lo Gullo & Salleo 1991) and Fagus, 
Populus and Alnus species (Hacke & Sauter 1995 & 1996). 
Hydraulic Conductivity (the 'Sperry Technique') 
This technique, first developed by Sperry, Donnelly & Tyree (1988), is destructive 
and requires considerable laboratory facilities. Methodological problems in the 
correct estimation of hydraulic conductivity also arise in conifers because of 
blockages to flow produced by the resin excretion from damaged tissue. The resin 
production in Pinus sylvestris is particularly severe. The hydraulic system measures 
the pressuie difference across a sample and the mass flow rate of water through the 
sample. The pressure-flow relationship can be expressed in a variety of ways, the 
most common being hydraulic conductivity, and an estimate of the 'native' state of 
embolism in the plant can obtained. Initial estimates of hydraulic conductivity used 
sample dehydration to quantify the degree of embolism to varying water-stress. 
Several adaptations of this technique have since been reported, including several 
slight technical variations involving the use of pressure ('air-injection method ') 
(Cochard 1992; Cochard, Cruziat & Tyree 1992; Sperry et al. 1996), and the 
induction of xylem embolism by spinning of the sample in a centrifuge (Pockman, 
Sperry & O'Leary 1995; Alder et al. 1997). All these methods have been reported 
for a variety of species, including conifers, and estimates from each are reliable. 
Dye Perfusion (anatomical method) 
A hydrophilic dye (Safranin) is perfused, under pressure, through a sample (e.g. Lo 
Gullo & Salleo 1991). Serial sections are then taken and observed under a binocular 
microscope. The number of conducting (red-stained) and non-conducting 
(unstained) xylem conduits are then counted as well as their diameters, so that their 
contribution to total water conduction can be calculated (according to the Hagen-
Poiseuille Law). There are, however, reported discrepancies between theoretical 
estimates of flow rate as calculated by the Hagen-Poiseuille Law and actual flow 
rates in conduits (see Chapter 4). 
Gamma-rays (densitometric method) 
The major difficulty with this method is the strict observance of Health & Safety 
Law required with using applications that utilise a radioactive source, especially 
under field conditions, and the consequent high levels of technical support required. 
However several researchers have used a semi-portable method (Pefla & Grace 1986; 
Dixon, Grace & Tyree 1986). A collimated beam of highly-penetrating radiation is 
passed through the xylem. Its attenuation is strongly dependent on the variations in 
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water content of the xylem. Calibration is easily achieved using varying pathlengths 
of water inside a specially constructed cuvette. Water in plant tissues may also be 
visualised using nuclear magnetic resonance (NMR) and mobile computer 
tomography (MCT), that are variations on the gamma radiation method, although 
similar logistical problems apply (e.g. Habermehi 1982a, b; Raschi et al. 1995; 
Ratcliffe 1991). 
5. Relative Water Content (RWC) 
Sample relative water content (R) can be determined using the method of Sobrado, 
Grace & Jarvis (1992). R, expressed as a percentage, is calculated according to the 
formula: 
R w  = 100 (WWd)/[(p w .Vf)(l-(Wd/(p s .Vf)))J 
Where Wf is the fresh mass and Wd is the dry mass (after 48 h at 80 °C) of the 
debarked wood samples determined to the nearest 0.1 mg. The fresh volume (Vf) is 
determined by Archimedes' principle (the mass of water displaced by the sample cf 
Borghetti et a! 1991), and Pw  and Ps  are the density of water and wood, respectively. 
Ps is assumed to be a constant of 1530 kg m 3 (Siau, 1971). This technique is 
applicable to cores taken from boles, branches or from twig samples. 
The relative water content (R ) can also be monitored in situ with Time Domain 
Reflectometry (TDR) probes (e.g. Irvine & Grace 1997a). This is a very promising 
technique though it requires detailed calibration procedures. 
Control of Cavitation 
During conditions of water stress cavitation occurs in those conduits most 
predisposed to it (the largest). As the degree of embolism in the plant increases so 
the resistance to water flow through the SPAC increases. The primary driving force 
of the water movement against the effect of the gravitational field and internal 
friction is the tension.derived from the evaporation of water in the leaf. The water 
movement in vascular plants occurs mainly through the elongated conduits of the 
xylem - vessels and tracheids, because they offer a pathway of maximum hydraulic 
conductance. Although there is a continuity of 'liquid' water between the leaf and the 
soil via the xylem, no rapid equalisation of the water potential throughout the plant 
can occur because of the frictional resistance of the SPAC. Due to the increases in 
resistance to this pathway, inherent with the occurrence of cavitation and the 
subsequent formation of emboli , the xylem can be viewed as a 'vulnerable pipeline' 
(Zimmerman 1983), i.e. it is subject to the risk of loss of efficiency for conducting 
water, via cavitation. 
In order to maintain levels of conductivity the plant must avoid critical tensions by 
closing stomata to some extent. Without such control a situation of 'runaway 
cavitation' can be envisaged where continuing decline in plant water potential will 
cause further cavitation in a vicious circle, the end result being catastrophic 
dysfunction in the xylem water conducting pathway (Tyree & Sperry 1989a). The 
primary control of water loss is via stornatal aperture. Stomatal closure reduces 
transpiration and hence the gradient of water potential within the SPAC (Jones & 
Sutherland 1991). 
The Consequences 
The occurrence of some cavitation does not necessarily have a negative effect on the 
plant. In fact it has been suggested by several authors that the cavitation of a 
proportion of the conducting tissue may be beneficial, with water being released to 
rehydrate leaves, and the associated increase in resistance inducing stomatal closure 
and reducing transpiration (Zimmermann 1983; Dixon, Grace & Tyree 1984; Tyree 
& Yang 1990; Lo Gullo & Salleo 1992; Sperry & Saliendra 1994). Many woody 
tissues can be regarded as water stores, and cavitation is the means of drawing on the 
store (Grace 1993a). However, this presupposes that the water deficit does not reach 
levels at which runaway cavitation might occur. The obvious lack of such conditions 
in reported studies, in both the field and under controlled conditions with seedlings, 
has led to the search for mechanisms for the reversal of xylem emboli. In 
angiosperms the presence of root pressure in spring has been demonstrated (Sperry 
1993; Sperry et al. 1994), and is sufficient to re-dissolve embolisms. In 
gymnosperms no recent reports of root pressure have been made. In Pinus sylvestris 
L. studies have, however, demonstrated embolism reversal in the laboratory 
(Borghetti et al. 1991; Edwards et al. 1994) and recovery of stem water content over 
winter has been demonstrated in the field (Waring, Whitehead & Jarvis 1979). The 
capacity of a tree species for recovery may be of particular, importance in response to 
severe water deficits or successive years of drought (Grace 1993b). It has been 
suggested that refilling of embolized vessels may be through the influence of the 
osmotic pressure of the refilling xylem sap from the adjoining parenchyma, the so 
called 'vitalistic theory', first purported by Grace (1993 a) and given weight by the 
results of Salleo et al. (1996). This theory has, however, recently been contested in a 
paper studying cavitation in maize roots (McCulIy, Huang & Ling 1998). 
Alternative hypotheses involving reverse osmosis (Canny 1995 & 1997) and non-
osmotic active secretion of water (McCully et al 1998) have been proposed. An 
active mechanism for refilling has, however, been disproved experimentally in Pinus 
sylvestris L. (Borghetti etal. 1991). 
Whilst seasonal variations in water content are known to occur (Gibbs 1958; Waring 
& Running 1978; Waring, Whitehead & Jarvis 1979; Jackson, Irvine & Grace 
1 995b) it is of particular importance, especially if the reversal of embolism does not 
occur, to investigate the potential carry-over effect from one year to the next. 
Unpublished data from Edinburgh suggests that bole relative water content did not 
recover after subsequent years of very dry summers (Jackson, G.E.-
personal. communication). 
1.3 THESIS AIMS 
This thesis investigates some of the physiological responses to prolonged soil 
drought of a mature Scots pine stand. In particular it aims to address the following 
questions: 
• Is cavitation a regular occurrence? 
• Does the plant's threshold to cavitation alter over a prolonged drought period and 
does it have deleterious effects on the water status of the plant, and if so, is there 
any evidence for the reversal of embolism or are drought effects carried-over to 
the following year? 
• Is whole plant water status controlled at the leaf by stomatal closure and is this 
related to soil moisture, possibly via the relay of a root ABA signal? 
• What are the main environmental driving variables acting upon stomata under 
conditions of prolonged drought and what are the effects of reduced conductance 
upon assimilation? 
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These central tenets of the investigation were addressed by imposing a prolonged soil 
water stress on a mature -S cots pine plantation in south central Scotland, UK, for one 
entire season. 
1.4 THESIS STRUCTURE 
This thesis is composed of five chapters. Chapter 2 addresses the occurrence of 
cavitation both spatially and temporally, using a number of techniques. Chapter 3 
examines gas-exchange regulation and assimilation at the leaf level and provides a 
comparison to whole-tree (canopy) conductance. Chapter 4 investigates the potential 
of a mechanism involving production of a root-produced signal in response to soil 
water status and its control of conductance. Chapter 5 provides a brief summary of 
the findings of the thesis, and the significance of the experimental results is discussed 
in terms of the control of water deficits in mature trees. Recommendations of further 
work are made in light of these findings. 
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2. The impact of prolonged drought on xylem cavitation and 
embolism in a mature Pinus sylvestris stand 
2.1 SUMMARY 
The work described in this chapter was carried out to investigate the incidence and 
consequences of xylem embolism in a forty-one-year-old stand of Scots pine (Pinus 
sylvestris L.) in Fife, Scotland. The experimental design included plots from which 
water was withheld to simulate a prolonged drought. The amount of water available 
was restricted artificially by exclusion of lateral soil water and rainfall using plastic 
screens from November 1994 for a period of 11 months. Control plots received 
rainfall plus irrigation equivalent to an average-season's precipitation. The extent of 
cavitation in the xylem of branches was compared using ultrasonic acoustic emission 
(UAE) and shoot relative water content (R) measurements. The relative water 
content of the bole was monitored using time domain reflectometry (TDR). 
Supporting measurements of the seasonal and diurnal courses of meteorological 
variables and leaf water potential were made. Acoustic emissions, a. result of 
cavitation, were detected in branches and boles of both water-stressed and control 
trees throughout the season, with rates dependent on short-term meteorological 
variations and the water potential of the plant. A significant effect of water-stress as 
monitored by UAE, in both boles and branches, at the height of the drought was 
noted. Differences in vulnerability were also found at the height of the drought and 
suggest a decrease in the vulnerability to cavitation of the remaining functional 
conduits, as a result of the loss of the most vulnerable conduits, in the water-stressed 
trees. Bole R was lower than branch R. In 1-year-old shoots a significant increase 
in xylem embolism was found in the droughted trees. Seasonal changes in R of 
shoots observed were interpreted as the occurrence and refilling of emboli in the 
xylem tissues. Late in the season leaf water potential recovered before shoot R, 
which recovered before soil water status: an active role of precipitation is 
hypothesised. It was estimated from acoustic measurements that about 15% of the 
functional tracheids were cavitated but did not result in a significant increase in the 
hydraulic resistance of the above ground tissues. Midday leaf water potentials did 
not decline significantly in response to the drought so it is suggested that significant 
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xylem embolism was avoided because stomatal closure maintained leaf water 
potential (indicative of xylem tension) close to the cavitation threshold. A function 




Scots pine (Pinus sylvestris L.) is the most widely distributed two-needle pine in the 
world (Wright & Bull 1963; Boracynski 1991), and is of great commercial 
importance in Europe. There has been much concern in commercial forestry sectors 
in recent years about the potential influence of climate change on forest health. The 
increasing incidence of summer droughts has been implicated as a factor contributing 
to tree decline (Tributsch 1992; limes 1993, Spiecker et al. 1996), yet there are few 
studies of the physiological response of mature trees to long term soil water deficits. 
An understanding of physiology may help in predicting how forests will respond to 
future climatic changes involving a decline in precipitation or an increase in 
evaporation. 
The process by which water is transported in trees is still somewhat controversial but 
the widely held belief is that ascribed to Dixon & Joly (1896), namely 'the cohesion 
theory of water transport'. The theory states that water in the xylem conduits is under 
tension (çressure below atmospheric). The corollary of this theory is that the water 
columns can be broken above a critical tension. As a result tracheids and vessels 
may be subject to a type of xylem dysfunction, caused by air emboli forming 
blockages after cavitation, induced in plants subjected to drought and freezing 
stresses (e.g Dixon et a! 1984; Tyree & Sperry 1989a; Sperry & Sullivan 1992). 
Embolisms are produced in woody tissues by a mechanism known as 'air seeding' 
(Zimmerman 1983), when, under tension, water within a water-conducting conduit 
exceeds a critical tension at which the liquid water is replaced by water vapour (see 
review by Jackson & Grace 1996). The gas is thought to enter the conduit as air 
micro-bubbles that are drawn into the conduit from outside, through the pit 
membrane pores. It is these micro-bubbles which nucleate cavitation. The 
theoretical 'air-seeding' hypothesis, by the mechanism outlined above, has been 
verified experimentally (Salleo et al. 1996). This process is accompanied by an 
acoustic impulse resulting from the abrupt release of tension in the elastic wall of the 
conduit. Detection of xylem cavitation acoustically was first demonstrated by 
Milburn & Johnson (1966), who measured acoustic emissions in the audible range 
using a record player pickup arm connected to an amplifier and clamped to the 
petiole of a detached Rincinus leaf. Though the idea for acoustic detection of 
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cavitation was not new (Milburn 1993) the application to plant ecophysiology was 
inventive. This system required a soundproof room, however, so interest was limited 
until detectors working in the ultrasonic frequencies were applied to the study of 
cavitation in plants (Tyree & Dixon 1983; Sandford & Grace 1985; Tyree & Dixon 
1986), so allowing field portability. Since then several commercial acoustic 
monitors have been developed which have improved upon early designs (Tyree & 
Sperry 1989b). Acoustic events can now be recorded for extended periods of time on 
various plant organs, and have been used as an index of plant water stress (e.g. Tyree 
& Dixon 1983; Borghetti et al. 1989; Kikuta et al. 1997). This process can lead to 
significant loss of hydraulic conductivity in the plant (Milbum 1979; Pefla & Grace 
1986). The vulnerability of xylem to cavitation is considered an important factor in 
determining the response of plant species to water-stress. 
Previous studies have predominantly been on laboratory or greenhouse plants or 
plant parts. The current study attempts to quantify the effect of a severe and 
prolonged drought upon a mature commercial conifer plantation in the UK. It was 
designed to investigate tree response in terms of the changes in the apparent 
vulnerability to cavitation as inferred by the ultrasonic acoustic technique, and to 
assess the changes in water content of boles, branches and shoots that are consequent 
on cavitation. 
The primary aim of this research was to investigate the seasonal development of 
embolism in mature Pinus sylvestris L. trees growing under extreme soil water 
deficit for a prolonged period. The important questions being asked were (1) does 
cavitation occur to an extent that might affect the hydraulic properties of the tree, and 
can this then lead to 'runaway cavitation' (Sperry & Tyree 1988), (2) are there any 
differences between plant organs in their vulnerability to cavitation, (3) is there any 
evidence for refilling of the xylem? 
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2.3 MATERIALS AND METHODS 
2.3.1 STUDY SITE 
The site was located in Devilla Forest, near Kincardine Bridge, Fife, Scotland. The 
work was carried out in a 41 -year-old Scots pine stand within Compartment 474 of 
this commercial plantation, owned by the Forestry Commission (Table 2.1). 
Latitude 5602' 
Longitude 3 043' 
Elevation (m) 75 
Average January temperature ( °C) 2.5 
Average July temperature ( °C) 14.8 
Average annual precipitation (mm) 820 
Planting year 1954 
Average height (m) 15 
Average diameter at breast height (cm) 20.1 (4.9) 
Leaf Area Index 1.92 (0.39) 
Overbark basal area (m 2 had ) 28 
Sapwood basal area (m 2 ha') 21 
(excluding heartwood) 
Trees per hectare 836 
Table 2.1. The climate data for the area were obtained from the Meteorological Office, data from a 
station situated at Grangemouth, approximately 4 km distant to the South. Diameters at breast height 
and numbers of trees per hectare were based on measurements of all trees within 0.25 ha. Standard 
deviation is given in brackets where appropriate. 
The soil was a homogenous sandy loam with little intra-site variation (i.e. occasional 
pockets of less free-draining soil). Within the forest, eight square plots of 100 m 2 
were selected, each with eight to fifteen trees. Around the perimeter of each plot a 
1.5 m deep trench was excavated, an impermeable plastic septum was inserted 
vertically into the trench and finally the trench was refilled with soil. The septum 
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minimised lateral movement of water from the surrounding soil, allowing plots to be 
watered (the control plots) or droughted independently, as required. Precipitation 
and stem flow were excluded from the four water-stressed plots by construction of 
clear polythene covers, which intercepted rainwater and diverted it outside the 
vertical soil septum. The covers permitted access to the tree boles and allowed 
natural aeration of the soil surface (see Appendix I, Plate 1.1). The control 
treatments were .without covers and received some irrigation to maintain average 
summer rainfall. The year of study, 1995, was exceptionally dry, with March to 
August rainfall 128 mm lower than the 20 year average, a reduction of 40%. Over 
this period 125 mm was added as irrigation to the control plots. 
Access to the canopy was via two 15 m tn-pole towers, with a 9 x 0.6 m walkway 
suspended between them at a height of approximately 11 m. The walkway spanned 
one water-stressed and one control treatment with direct access to the foliage of four 
or five trees (drought and control plots respectively). 
Site construction was complete by November 1994, after which time water was 
withheld from the water-stressed plots. Measurements commenced in April 1995. 
At the beginning of November 1995, after removal of the covers, the water-stressed 
plots were irrigated to bring the soil moisture content back to initial levels 
2.3.2 MEASUREMENT PROTOCOL 
2.3.2.1 CoNTiNuous MEASUREMENTS 
Microclimate 
Sensors for air temperature and relative humidity (HMP3 SAC, Campbell Scientific, 
Loughborough, UK), net radiation (Q7, Campbell Scientific, Leicestershire, UK), 
photosynthetically active radiation, PAR (Skye 215, Skye Instruments, Llandrindod, 
Powys, Wales) and wind speed (A100R, Vector Instruments, Rhyl, Ciwyd, Wales) 
were permanently installed on the tower, 3 m above the canopy. Hourly averages of 
climatological variables were recorded on a data logger (CR2 1X, Campbell 
Scientific, Leicestershire, UK). Vapour pressure deficit (VPD) was calculated from 
air temperature and relative humidity. 
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Cavitation by Ultrasonic Acoustic Emissions (UAE's) 
Counts of ultrasound acoustic emissions from xylem were taken in situ using a 
commercial ultrasonic acoustic emission monitor (4615 Drought Stress Monitor, 
Physical Acoustics Corporation, Princeton, NJ, USA). Four transducers (sensors) 
(1151, Physical Acoustics Corporation) were placed on branches of similar age and 
size for each treatment (approx. 3 cm diameter: 8-10 years old), accessed from the 
walkway. A rectangular window was made (12 mm 2) by removing the bark, phloem 
and cambium. The exposed xylem surface was then smeared with petroleum jelly to 
aid signal conduction and prevent local water loss, and the transducer was clamped 
with a force of 30 N by means of a calibrated spring clamp (see Appendix II, Plate 
2.1). Events were monitored from each sensor sequentially, for two minutes, with 
automated switching between sensors via a multiplexer (Model SDMX50, Campbell 
Scientific, Leicestershire, UK). The amplification gain of the emission was set at 74 
dB, a level at which less than 1 event per minute was detected due to background 
noise from the inherent electronic noise of the system andlor electro-magnetic 
interference. This gain was maintained for all measurements over the experimental 
period. Other set-up parameters were consistent throughout the study using default 
instrument settings. For two periods, covering the height of the imposed drought 
(231d 251h August) and during rewatering (26t 281h October), a second set of sensors 
were installed on tree boles at a height of 1.3 m, with one sensor per tree and three 
trees per treatment. The same instrument settings were used as for the branches. 
Total accumulated counts for each day were calculated from average count values for 
each treatment, taken from every 16-minute cycle of the multiplexer. 
2.3.2.2 PERIODIC MEASUREMENTS 
Soil Moisture 
Soil volumetric water content (VWC) was measured using time domain 
reflectometry (TDR) every two weeks. A two-pin balanced design was used, 
measurements being taken with a cable testing oscilloscope (1 502B, Tektronics 
Corporation, Redmond, OR, USA) fitted with an inline SDM1502 interface 
connected to a CR21X data logger. Probes were permanently installed in each plot: 
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3 x 20 cm and 2 x 50 cm (depth). Calibration and measurements were as in Irvine et 
al. (1998). 
Shoot Relative Water Content 
Direct measurements of embolism in current and previous year shoots were made on 
selected days, across the season. Shoot samples were collected with pole pruners. 
The needles were immediately removed and samples wrapped in N escofilmTM 
(Nescoflim, Nippon Shoji, Osaka, Japan) to prevent sample desiccation. Samples 
were stored at 4 °C and analysed within 48 hours of collection. Sample relative water 
content (R) was obtained using the method of Sobrado, Grace & Jarvis (1992). R 
was calculated according to the formula: 
R= 100(Wf-Wd) /[(pv.Vf)(l-(Wd/(ps.Vf)))1 
Where Wf is the fresh mass and Wd is the dry mass (after 48 h at 80 °C) of the 
debarked wood samples determined to the nearest 0.1 mg. The fresh volume (Vf) 
was determined by Archimedes' principle (Borghetti et al. 1991), and Pw  and  Ps  are 
the density of water and wood, respectively. Ps  is assumed to be a constant of 1530 
kg m 3 (Siau, 1971). 
Stem Relative Water Content 
The relative water content (R ) of the sapwood in the bole of five trees per plot, at 
0.5 m above the ground, was monitored with 0.05 m TDR probes inserted into the 
bole (Irvine & Grace 1 997a). A two-pin balanced design method was employed, 
measurements being taken with a cable testing oscilloscope (150213, Tektronics 
Corporation, Redmond, OR, USA) fitted with an inline 5DM1502 interface 
connected to a CR2 1X data logger. Calibration and measurements were as described 
by Irvine and Grace (1997a). 
Leaf Water Potential 
Leaf water potential (tF1)  was assessed at 3-hour intervals, on selected days, from 
pre-dawn to dusk. Shoots were obtained from the mid-canopy using pole pruners, a 
random sample being taken from each plot (4 per treatment). To minimise water loss 
samples were immediately placed in polythene bags containing moist towels. From 
each sample two Pr..  measurements were taken using a Scholander pressure bomb 
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(Model 1400, Skye Instruments Ltd., Landrindod Wells, UK.) on fuiiy expanded 
(last year's) needles. Measurement was complete within 20 minutes of sample 
collection. Data were provided by James Irvine. 
2.3.3 STATIsTIcAL ANALYSIS 
Where a particular measured variable showed a clear treatment effect, t-tests were 
performed to quantify the significance of treatment at each date or time. Where no 
clear interaction was observed a two-way ANOVA with one repeat measures factor 
was performed. Data were analysed using SAS (SAS Institute Inc., Cary, NC). 
2.4 RESULTS 
Seasonal changes of soil and plant water status 
Soil volumetric water content (VWC) integrated over the top 20 cm depth in the 
water-stressed treatment declined from 20 % to a minimum of 5 % VWC at the end 
of August 1995. The fluctuating nature of soil moisture in the control treatment was 
due to periodic irrigation over the season, but VWC never fell below 20 % over the 
season. A statistically significant difference between the droughted and control plots 
occurred from April 1995 (Fig. 2.1.a) (p <0.01). 
The pre-dawn needle water potential (kPLpD) of the water-stressed treatment was 
lower than the controls throughout the season (Fig. 2.1 .b). From 27tl  July until the 
start of November the difference between treatments was statistically significant (p < 
0.05). At the height of the drought (August) tPLpD in the water-stressed treatment fell 
to a minimum of -0.75 MPa, and remained above -0.55 MPa in the controls. A 
marked increase in WLPD  was evident in September, this being most pronounced in 
the water-stressed treatment. This was considered to be the end-point in the imposed 
drought and a concomitant small rise in soil moisture was evident (Fig. 2.1 .a). This 
date coincided with a period of high precipitation which may have circumvented the 
soil septum or led to a rise in ground water levels. 
The minimum daily leaf water potential experienced in the two treatments did not 
differ significantly except at the height of the drought period, at the end of August, 
1995 (Table 2.2). 
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Figure 2.1. Seasonal variation in (a) soil volumetric water fraction, integrated over the top 20 cm soil 
depth (n = 12), and (b) the pre-dawn leaf water potential ('YLPD)  (n = 4). The arrows indicate the 
rewatering date when the water-stress plot was returned to field capacity. Closed symbols: water-
stressed trees; open symbols: controls. Points are means ± 1 standard error. These results are already 
published in Irvine etal. (1998) 
Date Diurnal TLMIN  (MPa) p 
Control Water-stressed 
04" May, 1995 -0.97 -1.12 0.12 
23 	May, 1995 -1.00 -0.95 0.71 
13th June, 1995 -0.98 -0.94 0.66 
27thJune, 1995 -1.08 -1.17 0.44 
27th July, 1995 -0.96 -1.17 0.09 
09th August, 1995 -1.19 -1.41 0.11 
315t August, 1995 -0.68 -1.08 <0.01 
13th September, 1995 -0.89 -1.11 0.11 
1 1th  October, 1995 -0.79 -0.91 0.15 
10th May, 1996 -0.91 -0.98 0.53 
Table 2.2. Minimum daily leaf water potentials ('}'LMIN)  during the development of the drought and 
after the drought had been terminated. Values are the mean of four measurements. These results are 




Ultrasonic Acoustic Emissions (UAE) 
Treatment differences in accumulated ultrasonic acoustic emissions of branches, 
averaged by treatment and grouped over all measurement dates, showed a 
statistically significant difference (p < 0.01). The plants displayed highest daily 
accumulated acoustic emissions in August (Fig. 2.2), which coincided with the 
occurrence of high summer air saturation vapour pressure deficit (VPD) and 
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Figure 2.2. Daily average accumulated counts of ultrasonic acoustic emissions in branches of Pinus 
sylvestris (L.) for August, corresponding to the height of the drought. Closed symbols: water-stressed 
trees; open symbols: controls. Error bars indicate ± I standard error (grouped data). 
Diurnal behaviour in branch UAE, leaf water potential and meteorological variables 
on four selected days over the season are presented in Figure 2.3. On May 23td, 
1995, there was no significant difference between treatments for both branch UAE or 
leaf water potential (LIJL). The VPD on this day was relatively high for the time of 
year in central Scotland. The total accumulated UAE was slightly greater in the. 
water-stressed treatment, reaching 5400 counts over the 24 h period (Fig. 2.4.a). On 
August 9th,  1995, a significant difference was observed between treatments for 
branch UAE (p < 0.01) though differences in tIJL measured at mid-day were not 
statistically significant (Table 2.2). 
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Figure 2.3. Diurnal variation of physiological and meteorological variables during four days over the 
experimental period, in 1995: (a) photosynthetically active radiation (PAR), (b) air vapour pressure 
deficit (VPD), (c) wind speed, (d) leaf water potential ('i'L),  and (d) ultrasonic acoustic emissiàns in 
branches (UAE). The first three columns represent days during the progression of the drought, the 
final column is after the end of the drought period. Closed symbols: water-stressed trees; open 
symbols: controls. Error bars indicate ± 1 standard error. 
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Figure 2.4. Daily accumulated counts of ultrasonic acoustic emissions in branches of Pinus sylvestris 
(L.) on four dates over the season: data from 23rd  May, 9th  August, 31 August, andil' October. The 
first three dates represent days during the progression of the drought, the final column is after the end 
of the drought period. Closed symbols: water-stressed trees; open symbols: controls. Error bars 
indicate ± 1 standard error (grouped data). 
High VPD on August 9 th coincided with very high values of branch UAE being 
recorded. Total accumulated counts of 16000 and 8400 in the water-stressed and 
control treatments respectively, were recorded over the day (Fig 2.4.b). August 31st, 
1995, was a dull and overcast day with low VPD and PAR; however significant 
differences in 'FL (p < 0.05) and branch UAE were again evident (p <0.05). Total 
accumulated counts were 12250 in the water-stressed tree branches and 9200 in the 
control trees (Fig 2.4.c). Diurnal data for 1 1th  October represents the period after the 
end of the imposed drought when a recovery of leaf water potential occurred. 
Despite low VPD on this day some UAE's were detected from around midday; 
however, no significant treatment differences were observed in the rate. Total 
accumulated counts reached 4000 between 06:00 and 18:00, the period of 
measurement (Fig 2.4.d). Diurnal data (Fig. 2.3) illustrate the relationship between 
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cavitation events and tree physiological variables. Fluctuations in UAE coincided 
with VPD, and occurred when 1'L  was at its most negative. Cavitation rate peaked 
during the daytime and was very low at night, and no relationship with wind speed 
was evident. The apparent vulnerability to cavitation at particular YL  was 
investigated on the four days for which diurnal fluctuations were measured and 
branch cavitation data were available. This was possible by plotting the count rate 
(y-axis) against the water potential (x-axis) (Fig. 2.5). A threshold YL  for cavitation 
has often been reported and whilst it is constant for any particular tracheid with the 
loss of the most vulnerable conduits an apparent increase in the vulnerability to 
cavitation, within the system, may occur. A linear negative correlation below a 
threshold 'I'i was found for all dates. On the 23rd  May and 11th  October there was no 
observable difference in the apparent vulnerability to cavitation between treatments. 
Data from 23rd  May suggests an apparent threshold to cavitation of -0.55 MPa (Fig. 
2.5.a), which was maintained until 9th  August in the control trees. Under the 
relatively extreme meteorological conditions of the 9th  August apparent vulnerability 
in the water-stressed trees decreased to -0.82 MPa (Fig. 2.5.b). On 3 1St  August, 
apparent vulnerability to cavitation increased to -0.71 MPa in the water-stressed trees 
(Fig. 2.5.c). The observed variation between these two dates at the height of the 
imposed drought is symptomatic of the varying VPD experienced on the two days. 
However, the differences between treatments were broadly consistent on both dates. 
By 1 1 th October the threshold to cavitation was -0.41 MPa (Fig. 2.5.d). Diurnal 
behaviour in branch UAE, bole UAE and meteorological variables over two three-
day periods, at the height of the drought (23IdI25th  August) and over the period when 
the covers were removed from the water-stressed treatment (26 th October, p.m.) are 
presented in Figure 2.6. For both periods, bole cavitation occurred when VPD was 
high and was of the same order of magnitude in boles as in branches (Fig. 2.6). 
There was no significant statistical difference in UAE counts between boles and 
branches on 23' August 1995 (p> 0.05). Cumulative UAE over this 24 h period 
was 16000 and 8000 counts in water-stressed and control treatments, respectively 
(Fig. 2.7.a & b). When VPD was low i.e. on 24 th August & 26th October, cavitation 
appeared to occur 'preferentially' in the branches. On the 25th  October UAE counts 
in the bole and branch were not significantly different (p < 0.05), with total 
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accumulated counts in the water stressed trees reaching 7500 and 6800 respectively 
and in the control trees 5500 and 4800 (Fig. 2.7.c & d). As water potential 
measurements were not collected over this period and water potential in the boles 
was not measured, an analysis for any difference in the apparent threshold 
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Figure 2.5. The relationship between mid-day leaf water potential and the log of cavitation rate (raw 
data taken from a 45 minute period, corresponding with the time of T L  measurement), indicating 
vulnerability to cavitation, on four days, during 1995: (a) 23rd  May (treatments combined, r2 = 0.28), 
(b) 9th August (water-stressed, r2 = 0.34; watered, r2 = 0.28), (c) 3 1 " August (water-stressed, r2 = 0.39; 
watered, r2 = 0.40), and (d) 11th  October (treatments combined, r2 = 0.31). All regressions were 
significant at a = 0.05. Closed symbols: water-stressed trees; open symbols: controls. The broken 
horizontal lines correspond to one cavitation event per minute below which UAE's are deemed 
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Figure 2.6. Diurnal variation of physiological and meteorological variables during two three-day 
periods, in 1995: (a) photosynthetically active radiation (PAR), (b) air vapour pressure deficit (VPD), 
(c) wind speed, (d), ultrasonic acoustic emissions in branches (UAE), and (d) ultrasonic acoustic 
emissions (UAE) in boles (at 1.3 m height). Dates correspond to periods at the height of the imposed 
water-stress 23r - 25th August) and over the period of rewatering (25th - 27th October, p.m.). Closed 
symbols: water-stressed trees; open symbols: controls. Error bars indicate ± 1 standard error. 
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Figure2.7. Daily accumulated counts of ultrasonic acoustic emissions in Pinus sylvestris (L.) on two 
dates over the season: 23' August in (a) branches, and (b) boles; 25 th October in (c) branches, and (d) 
boles. Closed symbols: water-stressed trees; open symbols: controls. Error bars indicate ± 1 standard 
error (grouped data). 
Xylem embolism 
The relative water contents (R ) of the xylem of current and previous year twigs and 
of the sapwood in the trunk over the drought period are presented in Figure 2.8. 
These data cover the period of imposed drought, up to the end of October, when the 
covers were removed and the drought treatment rewatered. Over the course of the 
drought, Rw of the xylem of the previous-year shoots was significantly reduced by 
drought, when grouped over all dates (p < 0.05) (Fig. 2.8.b). There was no 
significant treatment effect on any single day of measurement. Current-year shoots 
showed no significant treatment differences, although there was a similar trend in the 
data observed in August, the height of the drought (Fig. 2.8.b). In both current and 
previous-year shoots a recovery in Rw in the water-stressed trees was observed at the 
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start of October. This recovery occurred approximately one month after the recovery 
noted in 'PLPD. A significant treatment x date interaction in R of the sapwood in the 
trunk, over the drought period, was found (p < 0.01) (Fig. 2.8.c). This was, however, 
due to a significant increase in R of the control trees over this period (Irvine et al 
1998). R of the lower bole sapwood was considerably lower (5-25 %) than that 
found in the shoots. This is most likely indicative of a higher air volume fraction in 
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Figure 2.8. Seasonal variation in the relative water content (R ): (a) current year shoots; (b) previous 
year shoots; and (c) bole sapwood (to 5 cm depth), during the drought year (1995). Closed symbols: 
water-stressed trees; open symbols: controls. Points are mean values. Error bars indicate ± 1 standard 
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Figure 2.9. Relative water content (R ) in the twig xylem as a function of pre-dawn leaf water 
potential (I'LPD)  (R = 0.94 + 0.19 TLPA 95% confidence intervals are reported (r2 = 0.21, p  <0.05). 
Data presented is up to and inclusive of 3 l August. Closed symbols: water-stressed trees; open 
symbols: control trees; circle symbols: current year shoots; triangle symbols: previous year shoots. 
A positive linear relationship was found between leaf water potential and R of 
shoots (Fig. 2.9). The three points of low R noted for the previous-year shoots are 
indicative of an increase in cavitation and embolism during the height of the drought 
Figure 2.10 follows the period after rewatering of the water-stressed plots and into 
the following year, 1996. In the current-year shoots R was maintained at levels 
similar to those found over the drought period, but an early winter decline in R of 
the previous-year shoots, within weeks of rewatering, was noted though this trend 
was not significant. R in the bole sapwood did not alter significantly over the 
period of the drought or into the following year (p> 0.01). 
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Figure 2.10. Post-rewatering variation in the relative water content (R ): (a) current year shoots, (b) 
previous year shoots, and (c) bole sapwood (to 5 cm depth) including measurements taken during the 
subsequent year. Closed symbols: water-stressed trees; open symbols: controls. Points are means ± 1 
standarderror, n =4. 
2.5 DiscussioN 
Water stress was successfully imposed over the course of the experiment. Data 
presented elsewhere show that it was sufficient to cause a 14 %, 34 % and 20 % 
reduction in basal area, shoot and needle growth respectively in comparison with the 
control by the end of the 1995 growing season (Fig. 8, Irvine et al. 1998). This is 
believed to be 'severe' in relation to the drought levels and resulting water stress that 
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Pinus sylvestris (L.) may experience in its natural environment, despite the fact that 
the trees at this site may have extracted some water from deep within the soil profile 
towards the end of the experiment. A rapid response to soil drying was evident in 
our experiment. As the soil dried out this led to a concurrent decrease in pre-dawn 
leaf water potential (PLPD) (Fig. 2.1). 
The advantage of estimating xylem cavitation by the ultrasonic acoustic emission 
method is that it is a non-destructive technique that can be performed continuously, 
for an extended period, on the same plant organ. Thus it is able to reveal how real-
time environmental variability affects plant water relations (Jackson & Grace 1996; 
Kikuta et al. 1997). However, the disadvantage of this technique is that it provides 
only semi-quantitative data due to (1) variable sensor listening distance, (2) the 
potential of non-conducting elements to produce 'irrelevant' acoustic emission events 
(fibre tracheids, living parenchyma cells) at similar frequencies, and (3) the result of 
the number of emissions on hydraulic conductance and, hence, water transport being 
difficult to estimate (Tyree & Sperry 1989a; Oertli 1993; Jackson & Grace 1996). 
Nevertheless, the UAE technique has previously been shown to measure essentially 
the same phenomenon (xylem cavitation and embolism) both qualitatively and 
quantitatively as the destructive hydraulic technique of Sperry et al. (1987) for 
several conifer species, including Pinus sylvestris (Cochard 1992), in Ceratonia 
siliqua L. (Lo Gullo & Salleo 1991) and Fagus, Populus and Alnus species (Hacke & 
Sauter 1995 & 1996). Further evidence supporting the contention that UAE's 
originate from cavitation is the close agreement between total embolism, as 
measured by 'y-radiation and the accumulated UAE's found by Dixon etal. (1984). 
Only two studies of acoustically monitored cavitation in conifers under field 
conditions have been reported: (1) Ikeda & Ohtsu (1992) on 6-year-old Pinus 
thunbergii, and; (2) Jackson etal. (1995a) on a 39 year old Pinus sylvestris L. In this 
study, significant acoustic emissions in the branches began when the needle water 
potential (PL) was -0.7 to -1.0 MPa (see Fig. 2.3), which is similar to the value of-
1.1 to -1.2 for the lower bole reported by Jackson et al. (1 995a) in adult Scots pine 
trees, but is greater than the lowest value (-0.7 MPa) reported for greenhouse-grown 
Scots pine seedlings by Pefla & Grace (1986). The maximum number of events per 
minute was 100 in the boles (Fig. 2.6) and 120 in the branches. No discernible lag 
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was noted between branch and bole cavitation, which contrasts with the findings of 
Jackson etal. (1995a). Cavitation was also found to occur throughout the season, not 
just in early summer as reported for by Peña & Grace (1986). 
If we assume a sensor listening volume of 3 cm 3 and a counting efficiency of 10% 
(Sandford & Grace 1985), an approximation of the extent of cavitation can be made 
(cfBorghetti etal. 1989). Tracheid packing in mature tissues of Pinus sylvestris L. is 
approximately 13 x 106  cm 3 (Mencuccini ët al. 1997). Over the course of the 
drought we recorded 0.6 million events (extrapolating for the periods when acoustic 
emissions were not monitored) which would equate to 6 million actual events from a 
listening volume containing around 40 million tracheids, if we assume that all 
recorded ultrasonic emissions came from the cavitation of water, in tracheids. Over 
the period of the imposed drought (April-August) this would result in a 15% 
reduction in the number of functional conduits if no refilling occurred. There was 
evidence of a three-fold increase in the soil-to-leaf hydraulic resistance of the 
drought trees in this study, at the height of the water-stress (Irvine et al. 1998). The 
majority of the observed increase was thought to be located below ground and, 
therefore, it appears that whilst substantial numbers of cavitation events were 
recorded this did not result in a significant reduction in the hydraulicconductivity of 
above ground tissues. Previously a model of 'hydraulic sufficiency', which accounts 
for both the hydraulic architecture of the tree and the vulnerability of its xylem to 
water-stress induced cavitation, has predicted that xylem tensions could lead to a 5-
30% loss of transport capacity without adverse affects on the soil-to-leaf hydraulic 
resistance (Tyree & Sperry 1988). This may be the result of 'spare capacity' in the 
amount of conducting tissue (Jones & Sutherland 1991), be indicative of refilling or 
could be because, in this study, the soil resistance plays a dominant role in 
determining increases in the SPAC. 
The apparent vulnerability to cavitation (Fig. 2.5) was essentially the same for the 
two treatments at the beginning and end of the drought period but for two dates in 
August a significant treatment difference was observed. This suggests that the water-
stress had resulted in the cavitation of the most vulnerable conduits, and led to a 
subsequent increase in the apparent vulnerability threshold of the system i.e: 
remaining functional conduits had a higher threshold to cavitation. Previous 
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experiments have shown that, within an individual, vulnerability to cavitation is a 
function of the maximum pit membrane pore dimensions. A correlation between 
pore dimension and vessel diameter has been demonstrated (Tyree & Sperry 1 989a; 
Sperry & Saliendra 1994; Hacke & Sauter 1996). This contrasts with the findings of 
Jackson et al. (1995) and underlines that the response of trees may vary with 
environmental conditions and change with the severity and duration of the soil water 
deficit experienced. Data from Chapter 3 shows that Scots pine has evolved a 
mechanism to avoid the development of widespread embolism by the regulation of 
stomata! conductance (through stomatal closure) in limiting a significant decline 
below the threshold FL  for cavitation. 
Although PLPD  recovered in September, only a slight inflection was noted in soil 
moisture and it was a month later that R in the shoots was seen to recover (Fig. 2.8). 
Milbum (1979) and Pickard (1989) suggest that aerial absorption could induce 
positive pressure in the xylem causing emboli to dissolve. Recently, three papers 
have shown that water uptake across the cuticle can be sufficient for a major increase 
of leaf or plant water potential (' -FL) and, probably as a result of this, stomatal 
conductance may increase (Katz et. al., 1989; Grammatikopolous and Manetas, 1994; 
Boucher et al. 1995). Our data, we tentatively suggest, support this theory, although 
the observed increase in FL  could also be expected from a simple response to a 
reduction in transpiration (L), via stomatal closure. Furthermore, Sperry (1993) 
studying Populus tremuloides and Magnani and Borghetti (1995) studying Fagus 
sylvatica hypothesised an active role of rainfall in embolism reversal, following a 
significant relationship between precipitation and hydraulic conductivity. In Pinus 
sylvestris L. the likely route for absorption is through the non-cuticularised surface 
below the needle sheath (Leyton & Juniper 1963). 
The values found for R in the sapwood in this study are consistent with the 
previously reported values for Pinus sylvestris L. of Waring et al. (1979), though 
lower values have been reported under dry summer conditions (Roberts 1976; 
Jackson et al. 1995). The maintenance of minimum leaf water potential above -1.5 
MPa (Table 2.2) thus prevented the occurrence of substantial xylem embolism (Fig. 
2.8). The relationship between leaf water potential (pre-dawn) and the pre-dawn 
water content of the twig xylem (Fig. 2.9) does not suggest a critical threshold for the 
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onset of xylem embolism. However, in previous-year shoots a decline in RWC can 
be noted, where the three lowest (RWC) data points correspond to the height of the 
water-stress. This could be indicative of the loss of the most vulnerable conduits. 
R in the sapwood was consistently lower in the water-stressed trees but no variation 
was noted due to the increase of soil water deficit over the drought period. No 
significant diurnal changes in Rw in the sapwood were noted (pers. comm. J. Irvine). 
After removal of the covers and rewatering no differences were observed between 
control and previously water-stressed trees (Fig. 2.9). 
In conifers changes in R w of tissues are a result of cavitation in tracheids causing the 
formation of embolisms (Borghetti et al. 1991; Grace 1993b). Hydraulic resistance 
values from this site suggest that the majority of increased resistance occurred below 
ground (Irvine et al. 1998). Root xylem is considered more vulnerable to cavitation 
(Lo Gullo & Salleo 1993; Sperry & Saliendra 1994; Hacke & Sauter 1996) and in 
conifers it has been suggested that the majority of the embolisms occur in small roots 
(Sperry & Ikeda 1997). However, it is equally feasible that the increase in below 
ground resistance was a result of fine root mortality in the upper soil horizons. 
Refilling of the shoot xylem was observed in September, when tPLPD was -1.11 MPa. 
The mechanism of refilling is still unclear. In Pinus sylvestris L. studies have 
demonstrated embolism reversal in the laboratory (Borghetti et al. 1991; Edwards et 
al. 1994) and recovery of stem water content over winter has been demonstrated in 
the field (Waring et al. 1979). However, sequential dry years may result in the 
continuation of a decline in plant water status (G. Jackson, unpublished data). Thus 
the capacity of a tree species for recovery may be of particular importance in 
response to severe water deficits or successive years of drought (Grace 1993a). It. 
has been suggested that refilling of embolized vessels may be by the osmotic 
pressure of the refilling xylem sap from the adjoining parenchyma,. the so called 
'vitalistic theory', first purported by Grace (1993a) and given weight by the results of 
Salleo et al. (1996). This theory has, however, recently been contested in a paper 
studying cavitation in maize roots (McCully et al. 1998). Alternative hypotheses 
involving reverse osmosis (Canny 1995 & 1997) and non-osmotic active secretion of 
water (McCully et a! 1998) have been proposed. An active mechanism for refilling 
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has, however, been disproved experimentally in Pinus sylvestris L. (Borghetti et al. 
1991). 
Several authors have challenged the cohesion-tension theory (Canny 1995 & 1997; 
Zimmermann et al. 1995) but it is generally supported by recent papers (Irvine & 
Grace 1997; Richter, 1997) and an alternative mechanism supporting cohesion-
tension has been proposed involving the release of 'Munch water' from the phloem 
(Milburn 1996), which would allow reversal of embolism under conditions of tension 
within the soil-plant-atmosphere continuum (SPAC). Whatever the mechanism of 
recovery this study suggests that, in Pinus sylvestris L., cavitation in the above 
ground component of the tree was not sufficient to perturb stem R w , or affect the 
overall plant hydraulic resistance even after such a severe and extended period of soil 
water deficit. In fact it has been suggested by several authors that the cavitation of a 
proportion of the conducting tissue may be beneficial, with water being released to 
rehydrate leaves, and the associated increase in resistance inducing stomatal closure 
and reducing transpiration (Zimmermann 1983; Dixon et al 1984; Tyree & Yang 
1990; Lo Gullo & Salleo 1992; Sperry & Saliendra 1994). We presume that the tree 
will respond in subsequent years• to any loss of conducting tissue by cavitation 
through altering resource partitioning. 
2.6 CoNcLusioN 
Cavitation, as measured by the ultrasonic acoustic technique, was found to be a 
regular occurrence, and was correlated with increases in VPD and PAR and resultant 
decreases in T L. However, despite a prolonged period of imposed drought no 
'runaway cavitation' was observed (cf Tyree & Sperry 1988). From this study we 
suggest that any future changes in precipitation levels and / or increases in radiation, 
if over a 12 month period, are unlikely to impose a serious threat to the success of the 
species. We cannot, however, discount the potential of several sequential years of 
drought having carry-over effects upon the health of Scots pine. 
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3. Stomatal conductance and assimilation in adult Scots pine during 
a gradually imposed drought 
3.1 SUMMARY 
A forty-one-year-old stand of Scots pine (Pinus sylvestris L.) growing in a 
commercial plantation forest in Fife (south central Scotland, UK) was subjected to an 
imposed soil drought from November 1994 for a period of 11 months. Control plots 
received an average-season soil moisture. Measurements of leaf-level net 
photosynthesis, transpiration, stomatal conductance and water potentials were made 
along with canopy level conductance estimated from sap flow monitoring, allowing 
comparisons between treatments. Leaf-level conductance measurements established 
a strong reduction in conductance with increasing vapour pressure at the leaf surface 
(D) and a reduction in transpiration (K). Tight stomatal control of transpiration did 
not appear to be in response to variations in bulk leaf water potentials, in the drought 
plots. Maximal levels of stomatal conductance (ge), under ambient conditions, were 
280 mmol m 2 in water-stressed trees and 315 mmol m 2 s 1 in control trees. 
Maximum net photosynthesis rates (A) were approximately 4.5 tmol m 2 s in both 
treatments. A reduction in afternoon assimilation was noted in the water-stressed 
trees. The differences in treatment assimilation ratio, the relationship between A and 
g and model values of gsc  suggest that reductions in the gaseous diffusion of CO2 by 
stomatal closure was the primary cause of the decline in photosynthesis. Strong 
restrictions on midday conductance at both the leaf and stand levels were apparent 
with declining soil volumetric water content below 12 %. The results show an 
immediate response at both the tree and stand level to the onset of drought and 
suggest a mechanism involving sensing of soil water status.  The following year a 
recovery in canopy stomatal conductance is evidence that drought effects were not 
carried over to the following season. Therefore mature plantation forests of Pinus 
sylvestris have the ability to withstand prolonged drought episodes through stomatal 
control of water loss, thus avoiding extensive losses to the water transporting 
pathway by cavitation and embolism formation. The results also highlight the effect 




It is generally accepted that both short- and long-term drought stress constitute major 
limitations to forest productivity (Fuchs and Livingston 1996). The increasing 
incidence of sunmrier droughts has been implicated as a factor contributing to tree 
decline (Tributsch 1992; limes 1993, Spiecker et al. 1996), yet there are few studies 
of the physiological response of mature trees to long term soil water deficits. An 
understanding of physiology may help in predicting how forests will respond to 
future climatic changes involving a decline in precipitation or an increase in 
evaporation. 
The conductance to water vapour transfer from vegetation to the atmosphere is a key 
parameter for describing ecosystem function and is determined mainly, for forests, 
through variations in leaf stomata! aperture. The tight coupling to atmospheric 
conditions in forest stands determines water use, energy balance and affects the net 
rate of carbon assimilation in the plant. The conductance is under the physiological 
control of the plant and any declines in conductance reduce water loss, albeit with an 
inevitable reduction in photosynthesis. 
Stomatal responses to atmospheric humidity have been studied extensively over the 
last 20 years, but a consensus as to their mechanism has not been reached (Mott & 
Parkhurst 1991; Monteith 1995; Jones 1998). There have been several 
phenomenological semi-empirical stomatal models developed. Some of these 
assume that environmental factors act independently in determining stomata! 
conductance (ga) (e.g. Jarvis 1976; Baldocchi, Luxmoore & Hatfield 1991; 
McMurtrie et al. 1992), whilst further progress in coupling changes in stomatal 
behaviour with rates of photosynthesis (A) for individual leaves and canopies (e.g. 
Leuning 1995) has been achieved using semi-empirical models that incorporate the 
physioloy of the processes (Whitehead eta! 1996) Neither approach, however, takes 
direct account of the effects of plant water deficits on physiological processes such as 
plant growth or water transport. Several authors have incorporated sensitivity to 
water status in their models (e.g. Cowan 1982; Beminger, Makela & Hari 1996) or 
approached the problem from a 'cavitation-avoidanc& viewpoint (e.g. Jones & 
Sutherland 1991; Williams et al. 1996; Magnani & Grace 1998). Further to this has 
been the development of models based upon stomatal response to soil or root water 
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status, with complete independence of g on leaf water potential (e.g. Tardieu 1993; 
Tardieu & Simonneau 1998). This approach will be returned to in Chapter 4. 
Despite the increasing knowledge of the primary factors influencing stomatal 
conductance and photosynthesis, climatological region-scale and global circulation 
models continue to be based on simple empirical equations to describe canopy 
conductance as a function of weather variables (Monteith 1995). From the literature, 
data sets can be obtained that are consistent with many of the proposed mechanisms 
for stomatal control of photosynthesis (Jones 1998). Therefore baseline field data are 
essential in order to allow clarification of the modelling approaches with respect to 
the balance between the different proposed control mechanisms and the response of 
different forest types. In particular, data on the interactions between g, A and E with 
variations in D, under controlled and water-stressed conditions, in mature trees, are 
lacking. 
The effect of soil drought is poorly documented in mature forest stands and species-
specific sensitivity with respect to stress factors is poorly described in the literature 
(Sturm et al. 1998). This is because experiments on the effect of drought are almost 
always carried out on potted plants, for convenience. The aim of this study was to 
define the response of a mature Pinus sylvestris stand to a gradually imposed severe 
water deficit. This chapter describes the response of conductance at the leaf level, 
the effect upon net assimilation of soil water stress, the plant response to vapour 
pressure deficit and it provides a comparison with stand level response (Irvine et al. 
1998) for the same site and season. It also inadvertently provides comparison to 
another recently published report for Scots pine from a forest in Germany (Sturm et 
al. 1998). 
The main aim of this study was to elucidate whether stomatal control was sufficient 
to prevent widespread embolism formation (Jones & Sutherland 1991) by avoiding 
tensions in the water transport system that could cause 'runaway cavitation' (Tyree & 
Sperry 1988a). 
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3.3 MATERIALS AND METHODS 
3.3.1 STUDY SITE 
The forest site and general experimental conditions were as, reported under heading 
2.3.1 of this thesis. 
3.3.2 MEASUREMENT PROTOCOL 
3.3.2.1 PERIODIC MEASUREMENTS 
Microclimate 
Sensors for relative humidity, and photosynthetically active radiation (PAR) were 
mounted on the gas-exchange chamber (see Appendix III). Vapour pressure at the 
leaf surface (D) was calculated from temperature and relative humidity inside the 
cuvette. 
Soil Moisture 
Volumetric soil water content (VWC) was measured using time domain 
reflectometry (TDR) every two weeks (see Chapter 2.3.3.2). 
Stomatal Conductance and Photosynthesis 
Leaf gas exchange data for stomatal conductance (g, mmol m 2 s) and rates of net 
photosynthesis (A, jimol m 2 s') were obtained using an LCA3 Infra-red gas analyser 
(IRGA) (AD C, Hoddesdon, UK) with a plant leaf cuvette (PLC) designed for conifer 
species (ADC, Hoddesdon, UK). The PLC and IRGA operate as an open gas 
exchange system and are described in Appendix III. Measurements were made on 
previous-year shoots with eight samples per treatment. Measurements were taken on 
a rolling 2 hour time-step, with samples accessed in the upper-middle canopy region, 
from the suspended walkway. Diurnal data were collected from dawn (or when the 
morning dew had evaporated) until dusk, on selected days throughout the period of 
study. The shoots were removed after three sampling days, with needle number 
being taken on each day of sampling to allow any needle loss to be retrospectively 
accounted for. The projected leaf area was then measured using a leaf area meter (LI 
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3250, Li-Cor, Lincoln, NE, USA). Areas ranged from 15 to 42 cm 2. On some days 
measurements could not be taken, or the period of measurement was reduced due to 
needle surface water from precipitation or dew formation. 
Data were obtained by spot measurements, whereby leaves were placed in the 
cuvette chamber. The chosen needle groups were all in the horizontal plane and 
facing north. Humidity and carbon dioxide levels were allowed to stabilise before 
storage of the data but to ensure the values were as representative as possible of 
actual ambient conditions, measurements were taken quickly (within 45 - 90 seconds 
of the sample being sealed within the chamber). This minimises any artefacts arising 
in the data due to stomatal response to the cuvette environment. All samples were 
tagged and measured repeatedly throughout the day. 
Gas exchange data were downloaded to a computer at the end of the sampling period. 
Errors can occur in the estimation of leaf temperature with the LCA3. Therefore gas 
exchange parameters were re-calculated using leaf temperatures derived from solving 
the energy balance and atmospheric pressure, obtained from a local meteorological 
station. For further information concerning the measurement of gas-exchange 
parameters see Appendix III. 
Modelling of Shoot Conductance 
Measurements of A and g were analysed using the semi-empirical model of 
described by Leuning (1995) which relates stomata! (CO2) conductance to 
photosynthesis (A) and measurements of air saturation deficit (Dc) and CO2 
concentration (C s) at the leaf surface, where 
gsc = go + aiA/[(C - F)(1+ D/Do)] 	(1) 
gsc is the stomatal conductance to CO2 transfer (= gI1 .6, where 1.6 is the ratio of the 
diffusivities of water and CO2 in air) and go  is the residual conductance at the light 
compensation point (approximately 1 - 6 mmol m2 1)  F is the CO2 compensation 
point (= 40 p.Pa Pa'). D0 is an empirical coefficient (parameter) to describe the 
sensitivity of gto Ds and a 1 is an empirical coefficient related to the intercellular 
CO2 concentration (C1), at saturating irradiance where 1/a - (1- C1/C). The 
hyperbolic function, attributed to Lohammer (1980), to describe the response of gsc 
to A is adopted and the term F is included to ensure that gsc  does not decrease as A 
42 
approaches zero when C is decreased. The assimilation constituent of the model was 
not applied as data were collected under ambient conditions (A/Ci curves were not 
investigated). To ensure there was no confounding influence of sub-optimal light 
levels when fitting the model to measurements data were extracted from four test 
dates, 23rd  May, 27th  July, 31 " August and 13 th September, where incident photon 
flux density (PPFD) > 700 p.mol m 2 s 1 . For the data presented D0 was calculated 
using the Lohammer function to fit a curve to the relationship between g s and D, and 
the model proposed by Leuning was then fitted to conductance data by allowing 
parameters go  and al to vary by using estimates from a least-squares fitting 
procedure. Modelled data were then compared to measured data. 
Canopy Stomatal Conductance 
The canopy stomatal conductance (ge) has been previously estimated from hourly sap 
flux measurements (Irvine et al. 1998). Data were normalised as the quotient: mid-
day water-stressed canopy conductance / mid-day control canopy, henceforth called 
canopy conductance ratio. This derived variable expresses conductance relative to 
controls, and thus produces a data set which is not influenced by hour• to hour 
variations in the weather. 
Leaf Water Potential ('P1) 
Leaf water potential ('FL) was assessed at 3-hour intervals, on selected days, from 
pre-dawn to dusk (see under heading 2.3.3.2). 
3.3.3 STATISTICAL ANALYSIS 
Where a particular measured variable showed a clear treatment effect, t-tests were 
performed to quantif' the significance of treatment at each date or time. Where no 
clear interaction was observed a two-way ANOVA with one repeat measures factor 
was performed. Data were analysed using SAS (SAS Institute Inc. 1988). 
3.4 RESULTS 
Seasonal changes of soil and plant water status 
A statistically significant difference in soil volumetric water content occurred from 
April 1995 between the water-stressed and control plots .(see Fig. 2.1 .a) (p < 0.01). 
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The pre-dawn needle water potential ('PLPD)  of the water-stressed treatment was 
lower than in controls throughout the season (Fig. 2.1 .b). From 27th  July until the 
start of November the difference between treatments was statistically significant (p < 
0.05). At the height of the drought (August) PLPD  in the water-stressed treatment fell 
to a minimum of -0.75 MPa, and remained above -0.55 MPa in the controls. A 
marked increase in PLPD  was evident in September, this being most marked in the 
water-stressed treatment. This was considered to be the end-point in the imposed 
drought and a concomitant small rise in soil moisture was evident (Fig. 2.1 .a). This 
date coincided with a period of high precipitation which may have circumvented the 
soil septum or led to a rise in ground water levels. 
The minimum daily leaf water potential experienced in the two treatments did not 
differ significantly except at the height of the drought period, at the end of August, 
1995 (see Table 2.2). 
General Characteristics of Stomatal Conductance and Photosynthesis 
Leaf photosynthesis (Ai) declined every day from high rates at 0830 hrs - 1130 hrs to 
a minimum near sunset (Fig. 3.1). Differences in A1 between treatments were evident 
only at the height of the imposed drought (27th  July and 3 1St  August). A clear 
difference in maximum A 1 was evident on the 27thi  July, although treatments were not 
significantly different and this could be a reflection of variation in the incident 
radiation at the time of measurement. On the 31st  August a significant difference in 
maximum A 1 was found (p <0.05). The differences observed on this date do not 
seem to be attributable to variations in PAR (see Fig. 3.1. colunm 3). 
The analogous plots for stomatal conductance (g)  showed gs to be highest before 
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Figure 3.1. Diurnal variation of leaf-level (cuvette) physiological and meteorological variables during 
four days over the experimental period, in 1995. The first three columns represent days during the 
progression of the drought (23 w May, 27th July & 31 S  August), the final column is at the end of the 
drought period (1 3 th September), when leaf water potential recovered in the water-stressed treatment. 
All values are treatment means (n = 8: cuvette data; n = 4: Pj data). Closed symbols: water-stressed 
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Stomata! Conductance 
Seasonal variation in leaf stomatal conductance ratio (i.e. gs  mid-day drought / g 
mid-day control) was largely unaffected until mid-June 1995 after which gs  dropped 
in a steady decline to 30 % of the control value by August 1995 (Fig. 3.2). 
Figure 3.2. Seasonal variation in stomata! conductance (g,) ratio: g. drought / g control. 
Measurements were collected around mid-day. Ratios are calculated from mean values per treatment 
(n =8) and show ± 1 standard error. 
This coincided with a decline in soil water content below 12 % (Fig. 2.1.a), but 
preceded a marked decline in "PLPD (Fig. 2.1 .b). At the end of August the day of 
measurement was dull and overcast with low PAR and VPD so the slight increase in 
gs ratio was most likely due to low g in the control plots. From the September 
measurement date a recovery in the water-stressed leaf g was evident and coincided 
with an abrupt recovery in predawn water potential (Fig. 2.1 .b), which can be 
regarded as the termination of the drought. At this time a slight inflection in the soil 
water curve was also observed (Fig. 2.1.a). 
The trend in the ratios of leaf stomatal conductance (g) and canopy stomatal 
conductance (ge) with declining soil water content are presented in Figure 3.3. There 
was no response of stomatal conductance to a reducing soil water content (measured 
over a 20 cm depth), at either the leaf or whole-tree level, until soil water content 
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stomata! conductance to the lowest soil water content reached (5 %) was observed. 
In spring 1996, after the termination of the drought, g c had returned to a level 
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Figure 3.3. Mid-day leaf-level (cuvette) conductance (g,) (left-hand panel) and canopy conductance 
(gc) (right-hand panel) in the drought treatment relative to that in the control treatment plotted against 
droughted soil volumetric water content (integrated over the top 20 cm). Soil water content values 
were modelled at a daily time step by regression of the 2-week interval measurements. The triangle in 
the gc  panel refers to a measurement made in the spring of 1996. 
Figure 3 .4.a shows that leaf conductance (g) was strongly influenced by the response 
to vapour pressure at the leaf surface (D). An inverse hyperbolic relationship 
between gs and D was found, though at low D maximum gs may not have been 
attained because measurements were made under ambient light conditions. In the 
water-stressed trees it should be noted that the four highest values of gs were 
obtained on the 23rd  May 1995, before any effect of soil water stress was evident. 
There was no significant difference between treatment slopes or intercepts at p < 
0.05. Temperature effects, caused by enclosure of the leaf in the cuvette, were 
observed to covary with D (Fig. 3.4.b) but gs showed only a weak response with 
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Figure 3.4. Relationships between: (a) leaf stomatal conductance to water vapour (g) and vapour 
pressure at the leaf surface (D); (b) the variation of D with air temperature within the leaf cuvette 
(TA1 ) and (c) the variation of g with TAIR.  Closed symbols: water-stressed trees; open symbols: 
controls. Points are single values, with data taken from diurnal measurements on 23rd  May, 27th  July, 
31st August & 13th September. 
The relationship between bulk PL  and gs  and the response of leaf transpiration (E) to 
D is shown in Figure 3.5. There appeared to be a slight decline in g s below a leaf 
water potential of —1.0 MPa in the watered trees but no relationship was evident 
between tYL and g in the droughted plots (Figure 3.5a & b). Maximum transpiration 
(K) in the droughted plots were found to occur at an air saturation deficit of 0.7 kPa, 
after which a linear decline in E was observed with increasing D (Figure 3.5c). In the 
watered plots a linear decline in E was observed after a peak at a D of 1.1 kPa. For 
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this data set, measurements of stomatal conductance and transpiration are not 
independent, thereby 'invalidating' analysis of the relationship between D and E. 
This constraint can be partially overcome by regressing the reciprocal of E against 
the reciprocal of D (Monteith 1995). With this data set the regression of the 
reciprocals (Figure 3.5e & f), even if normalised with respect to the incident 
radiation for a given measurement (c.f Meinzer, Hinckley & Ceulemans 1997) did 
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Figure 3.5. The relationships between 'PLEAF  and g of (a) droughted and (b) watered trees, vapour 
pressure deficit at the leaf surface (D) and transpiration (E) of (c) droughted and (d) watered trees, and 
the reciprocal of E and D of (e) droughted and (i) watered trees. Data in the top panels (a & b) show 
average g (n = 4) grouped dependant upon the 'PLEAF measured at the time of recording g (± 15 
mm). 


















Seasonal variation in assimilation ratio (i.e. A mid-day drought / A mid-day control) 
followed a similar pattern to that observed for leaf conductance ratio. It remained 
largely unaffected until mid-June 1995 when A dropped in a steady decline to 30 % 
of the control value by August 1995 (Fig. 3.6). This coincided with a decline in soil 
water content (Fig. 2.1 .a) below 12 %, but preceded a significant decline in 'T 1LPD 
(Fig. 2.1 .b). The dull and overcast conditions at the end of August with low PAR and 
VPD led to a slight increase in A ratio, again most likely being due to low A in the 
control plots. From the September measurement date a recovery in the water-
stressed leaf A was evident and coincided with an abrupt recovery in predawn water 
potential (Fig. 2.1 .b), which can be regarded as the termination of the drought. At 
this time a slight inflection in the soil water curve was also observed (Fig. 2.1 .a). The 
recovery of A continued over the subsequent sampling dates but lagged behind the 
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Figure 3.6. Seasonal variation in net photosynthesis (assimilation) ratio (A): A drought / A control. 
Measurements were collected around mid-day. Ratios are taken from mean values per treatment 
(n8). 
Assimilation rates for PAR> 200 l.tmol m 2 s was closely coupled to g (Fig. 3.7). 
There was no difference in the relationship, due to treatment, and a small effect of 
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Figure 3.7. Relationship between leaf stomatal conductance to water vapour (g 5) and assimilation rate 
(A). Closed symbols: water-stressed trees; open symbols: controls. Points are single values, with data 
only shown where photosynthetically active radiation (PAR) > 200 jtmol m 2 s '. Data are split into 
morning (left -hcznd panel). 
Stomata! Model (assimilation prescribed) 
In conditions of high irradiance above the canopy (>700 jimol m 2 s 	gs decreased 
with increasing D (Figure 3.8). The application of a hyperbolic function (Lohammer 
et al 1980) to describe this relationship provided an excellent fit to the data, 
irrespective of treatment (Figure 3.8) and very little variation between treatments was 
found. 
Further analysis of the data following Equation 1, using values of D0 obtained from 
Figure 3.8, showed that the modelling approach of Leuning gives a linear 
relationship between measured g (for water vapour transfer) and predicted values of 
stomatal conductance to CO2 transfer (Figure 3.9). The model fit was generally good, 
though it became more erratic where conductance values were high. Again there was 
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Figure 3.8. Relationship between g and D. Following Leuning (1995), the lines for g were fitted to 
the function g = (1 + D/D0) 1 using a non-linear least-squares procedure. The parameter D0 (Pa) for the 
line fitted to droughted trees and watered trees was 350.1 (r2 = 0.77) and 283.0 (r2 = 0.84), 
respectively. Closed symbols: water-stressed trees; open symbols: controls. Points are single values, 
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Figure 3.9. Relationship between values of g,, from the model of Leuning (1995) and measured 
stomatal conductance (g a). The terms are defined in Eqn (1). The values shown for g are for water 
vapour transfer. To convert these to values for CO 2 transfer they should be divided by 1.6. Values for 
al and gO were allowed to vary and were 11.7 and 0.03 the droughted trees and 14.7 and 0.03 for the 
watered trees. Closed symbols: water-stressed trees; open symbols: controls. Points are single values, 
with data only shown where photosynthetically active radiation (PAR)> 700 j.tmol m 2 s 
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3.5 Discussion 
Water stress was successfully imposed over the course of the experiment. A rapid 
response to soil drying was evident in our experiment. As the soil dried out this led 
to a concurrent decrease in pre-dawn leaf water potential (1I-'LPD)  (Fig. 2.1). 
The values obtained for maximum rates of stomatal conductance (gs)  and CO2 
exchange rate are consistent with those reported in the literature for Pinus sylvestris. 
Maximum stomatal conductance in this experiment was 280 mmol m 2 	in the 
water-stressed treatment which is in absolute agreement with the porometry value 
reported by Sturm et at (1998). In the control plots maximum g was 315 mmol m 2 
which is larger than the maximum porometry values reported by Beadle et al. 
(1985a: 252 mmol m 2 s 1 ) and Jackson et al. (1995: 200 mmol m 2 s') both for 
Thetford forest, U.K. Reported whole-canopy maximum conductance values, in 
Scots pine, range from 10 - 11 mm s (Shuttleworth 1989; Köstner et al. 1996) to 16 
mm s 1 (Beadle et al. 1985b). At this site the maximum canopy conductance 
measured was 14 mm s 1 (Irvine et al. 1998) though average values were around 5 
mm s 1 , with the variation in daily maximum gs dependent on VPD. Diurnal patterns 
of conductance were in response to variation in air vapour pressure at the leaf 
surface. The net photosynthetic rate (4.3 tmol m 2 s') was similar to that reported 
by Luoma (1997: 3.8 tmol m 2 s 1 w) for the most latitudinally similar site 
(Tönnersjöheden) studied, under conditions of equal irradiance. Thus inter-site 
variability for this tree species appears to be small and the response to soil drought is 
consistent with respect to maximum gas-exchange parameters. The results also 
confirm the conclusions of Beadle et al. (1985a, b) that air vapour pressure at the leaf 
surface is the primary environmental variable explaining time-dependent changes in 
g. 
A positive correlation between A and g, such as found here, has often been found in 
many higher plants (Whitehead & Jarvis 1981: Bunce 1981, 1984: Forseth & 
Ehrlinger 1983). However, in this study, no response in this relationship was evident 
with water stress, as has previously been reported by Thompson & Wheeler (1992) 
for mature Pinus radiata. The slope of the A/g a relationship indicates plant intrinsic 
water-use efficiency (c.f. Picon et a! 1996). Therefore this study suggests no 
variation in intrinsic water-use efficiency occurred, in response to drought. 
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Furthermore the using the quantitative relationship proposed by Leuning (1995) we 
obtain no visible separation for the data between treatments in Figure 3.9. This and 
the similarity in the slopes between treatments in Figure 3.7 suggests that the value 
for intercellular CO2 concentration (C1) did not change with treatment (c.f 
Whitehead et a! 1996). Therefore it seems that the drought caused an increase in the 
resistance to water vapour loss (conductance = 1/resistance) and the reduction in 
stomatal aperture resulted in a reduction in gaseous diffusion into the leaf and a 
decline in photosynthesis. The results suggest that the stomatal component of the 
model is adequate even for trees under conditions of severe water deficit but it was 
not possible to fit a supply-constraint function (Leuning 1990) to predict variation in 
C1 . We therefore support the suggestion of Dewar (1995) that the influence of 
irradiance should be incorporated into model scenarios and stress that the use of C 
may lead to a poor model of photosynthetic behaviour, in response to soil water 
deficit. There was, however, a decline in assimilation in the afternoon due to water 
stress and this reduced assimilation was manifested in reduced growth of the water-
stressed trees. 
During the increase of soil water deficit stomatal conductance was found to be 
strongly coupled to available soil water. Conductance at both the leaf-level and 
canopy-level showed an identical response: with declining soil moisture a 'threshold 
value' of 12 % was evident, below which a linear and rapid decline in conductance 
occurred. This is considerably lower than the 16 % threshold reported by Sturm et 
al (1998) in Hartheim, Germany. This may be indicative of adaptive genetic 
variation occurring between the provenances due to environmental pre-conditioning 
(i.e. genotype x environment response). Such adaptive genetic variation has been 
found for quantitative characters even within Scottish provenances (Perks & Ennos 
1998). One possible source of such a response is the maximum soil water capacity: 
at Hartheim field capacity is reported as 31.4 % whereas at Devilla it is only 27.9 %. 
Based on saturated soil water content and the minimum attained stable soil water 
content, approximately 57 % of the extractable soil water had been removed from the 
top 50 cm of the soil profile before transpiration was reduced below control-
treatment values (Irvine et al. 1998). Values for conductance at the leaf and canopy 
level were of the same order of magnitude on the 27th  July: ge-midday values were 
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0.9 and 1.6 mm s in the droughted and control plots, respectively. If this data is 
then converted at the TLEM  measured, by porometry, at midday and with the leaf 
area index of 1.92 this is equivalent to 74 mmol m 2 s ' and 133 mmol m 2 s 
respectively. Leaf-level estimates of approximately midday values of g s on the same 
date were 53 mmol m 2 s' and 170 mmol m2 51  The relationship between the two 
was, however, far more erratic on the 31 s' August when g estimates were 3 to 4 
times larger than those measured at the leaf level. 
Time lag responses in Pinus sylvestris have previously been reported (Ng & Jarvis 
1980). The fluctuating illumination experienced in the field under ambient 
conditions is 'immediately' observed with leaf-level (porometry) measurements: with 
canopy conductance estimates, based on sap flow, the presence of a storage 
component (in the plant tissues) may result in a lag behind transpiration. Such a lag 
would exacerbate observed differences between leaf and canopy values for 
conductance. 
There were no apparent differences in treatment bulk leaf water potential between 
23' May, 1995 and 27 1h  July, 1995 despite an evident decline in stomatal 
conductance over this period (Fig. 3.2). There was evidence of decreasing 
transpiration at high VPD (Figure 3.5) so a direct response of stomatal conductance 
to the environment can be proposed. Such a response exhibits 'feedforward' 
behaviour, in the terminology of Cowan (Cowan 1977; Cowan & Farquhar 1977; 
Farquhar 1978), who suggest that the existence of a g response to cuticular 
transpiration (in addition to K) could account for a decrease in E as D increases. 
However, this respsonse may also be explained by a hypothesis involving patchy 
stomatal closure (Mott & Parkhurst 1991; Monteith 1995). A recent report 
comparing porometer values for gs  and independent (sap-flow) calculations of E 
(Meinzer et al 1997) provides evidence for stomatal response to epidermal or 
cuticular transpiration rate, without the need to postulate patchy stomata! closure 
(Whitehead 1998). It appears that photosynthesis is reduced by a direct effect on the 
metabolism, not by an increase in stomatal resistance alone. This has important 
consequences for modelling where the effects of soil water deficit may not be 
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adequately explained by terms involving Q. The effect of drought, in this study, 
points to the existence of a direct effect on metabolism in reduction of A. 
With a lack of any reduction in bulk leaf water potential it has been hypothesised that 
stomatal closure results from soil water depletion mediated by changes in root water 
status through effects on the flow of information from root to shoot (e.g. Bates & 
Hall 1985). Thus whilst VPD is recognised as one of the most important sources of 
variation in stomatal conductance, the mechanism is unknown. Recent work on 
hydraulic feedforward and feedback effects refer to the end result of a control 
process but not on the mechanism at a cellular level (Schulze 1986). In this study 
evidence for a feedforward response to VPD was found. Two potential mechanisms 
for feedforward control of stomatal aperture that have been proposed are the so-
called chemical system, based on the transport of a root produced ABA (e.g. Davies 
et al. 1994; Davies, 1995; Bunce 1996) and hydraulic (physical) system, based upon 
variations in intra-leaf water potential gradients (e.g. Saliendra et al. 1995; Fuchs & 
Livingston 1996). The perturbation of the hydraulic pathway, as a signal by which 
soil water deficit might be measured, has received some backing from recent 
experimental data (Whitehead et a! 1996). In this study it did not appear that the 
observations could be adequately described by the presence of a chemical messenger 
(for further discussion see 4.5). In fact a recent review has suggested the potential 
importance of hydraulic signals in the response of trees to drought, and the 
incorporation of such effects in to canopy scale models of transpiration has been 
elucidated (Whitehead 1998). 
3.6 CoNcLusioN 
As previously reported (Irvine et al. 1998: Sturm et al. 1998) Pinus sylvestris 
exhibits a sensitive response to soil moisture deficits. An immediate response is 
evident in declining stomatal conductance, which appears not to be mediated by 
declines in leaf water potential or as a direct response to variations in the aerial 
environment. The threshold soil water content does, however, appear to vary 
according to local environment, probably as a result of variation of the provenance. 
The results point to the dependence of stomatal movements on vapour pressure 
deficit (at the leaf surface), and that this response has an indirect effect upon 
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assimilation rate: the drought not only caused an increase in the resistance to water 
vapour but also had an effect on photosynthesis, by restricting of gaseous diffusion 
into the leaf. The data suggest an appropriate approach to modelling scenarios 
addressing acclimation of gas exchange, to predict needle photosynthesis under 
conditions of water stress, would be to express photosynthesis as a function of 
stomatal conductance and stomatal conductance as a function of vapour pressure 
deficit at the leaf surface. However, for physiologically accurate models the 
incorporation of a 'light' component is highly desirable. 
In this chapter we have characterised temporal and scale effects of drought upon a 
mature forest stand. This information is of particular relevance in that it provides 
important information, at both the leaf and stand scale, and quantifies the response to 
drought conditions and the major driving variables acting upon the tree. Such 
observations are essential for current modelling approaches and may be incorporated 
into future climate change scenarios. 
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4. Stomatal conductance and xylem sap abscisic acid (ABA) in adult 
Scots pine during a gradually imposed drought 
4.1 SUMMARY 
The work described in this chapter was carried out to investigate the effect of 
drought upon canopy conductance and its potential control via, a chemical messenger 
(abscisic acid) produced in the roots. A forty-one-year-old stand of Scots pine 
(Pinus sylvestris L.) growing in a commercial plantation forest in Fife (south central 
Scotland, UK) was subjected to an imposed soil drought from November 1994 for a 
period of 11 months. Control plots received an average-season soil moisture. Xylem 
sap was extracted from shoots of four trees per treatment at regular intervals from 
April to November 1995. Pre-dawn leaf water potential, diurnal courses of leaf 
water potential, soil moisture (over the first 20 cm depth) and sap flow were recorded 
at the same time. Canopy stomatal conductance (g e) was calculated from sap flow 
data and xylem sap abscisic acid concentrations (ABAi) were measured with a 
radioimmunoassay. The seasonal response to a gradually imposed severe soil 
drought was investigated to test the hypothesis that g c is controlled by 
Mean ABA1 recorded in the absence of drought was around 250 Rmol m 3 . No 
diurnal variation in ABA1 was detected. With soil drying, ABA1 increased to a 
maximum in summer (600 p.mol m 3) but decreased again towards autumn. During 
the period of increasing soil moisture deficit a decline in g was detected when the 
volumetric soil water fraction fell below 0.12. However, this could not have been 
mediated by an increase in ABA1, as the observed stomatal closure preceded any 
increase in ABA1. There was a good correlation between ABA1 and minimum 
leaf water potential (' -PLMr.I). 
Peak sap flow velocity data was used to estimate delivery times for root-to-shoot 
signals in 15 m tall. trees. Under normal field conditions a signal would take 
approximately 12 days to travel from the site of production (roots) to the presumed 
site of action (shoots). However, under drought it may take a chemical signal well in 
excess of six weeks. The results suggest that a feedforward model of short-term 
stomatal response to soil drying, by the sole action of a chemical messenger from the 
roots, is inappropriate in mature conifer trees. We tentatively suggest that a model 
using hydraulic signals might apply. 
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4.2 INTRODUCTION 
The increasing incidence of summer droughts has been implicated as a factor 
contributing to tree decline (Tributsch 1992; Innes 1993, Spiecker et al. 1996), yet 
there are few studies of the physiological response of trees to long term soil water 
deficits. An understanding of physiology may help in predicting how forests will 
respond to future climatic changes inyolving a decline in precipitation or an increase 
in evaporation. 
The avoidance of water deficits in plant tissues was originally thought to be by 
stomatal closure caused by the decline in leaf turgor and/or water potential (e.g. 
Turner 1974; Ludlow 1980). In the 1980's, however, observations from experiments 
on field-grown plants suggested that stomatal responses were more closely linked to 
soil moisture content than to leaf water status (Bates & Hall 1981; Jones 1985; 
Turner, Schuize & Gollan 1985). This suggestion was supported by experiments on 
plants whose stomata were induced to close by a soil water deficit, even when the 
leaf turgor .was maintained close to zero by experimental manipulation (Gollan, 
Passioura and Munns 1986; Schurr, Gollan & Schulze 1992). Further evidence was 
obtained from split root experiments in which stomatal conductance declined when 
half the root system of a plant was exposed to drought, even though the leaves were 
well supplied with water from the rest of the root system and no significant 
perturbation in shoot water status occurred (Blackman & Davies 1985; Zhang, 
Schurr & Davies 87; Gowing, Davies & Jones 1990; Khalil & Grace 1993; Davies er 
al. 1995). The observation that stomatal closure occurs independently of changes in 
bulk leaf water status prompted the hypothesis that stomatal conductance is 
controlled by a chemical signal moving from root to shoot in the xylem stream 
(Davies, Tardieu & Trejo 1994; Davies, 1995). Abscisic acid (ABA) was implicated 
as the most likely signal (Schulze 1986; Zhang & Davies 1987). 
The majority of such work has involved controlled experiments on small plants 
grown in containers (Zhang & Davies 1987; Trejo & Davies 1991, Jackson et al. 
1 995b). There have been few studies of ABA concentrations of the xylem sap of 
forest trees (Blake & Ferrell, 1977; Johnson & Ferrell 1983; Roberts & Dumbroff 
1986; Davies, 1995) and, in particular, ABA fluxes in conifers have been given only 
scant attention (e.g. Jackson et al. 1995b). In tall trees growing in their natural 
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environment, long-distance transport would be required to convey the signal from 
root to shoot (Wartinger et al. 1990; Triboulot et al. 1996; Loewenstein & Pallardy 
1998)) and thus, studies on small trees grown in containers may be quite misleading 
(Hartung and Davies 1992). 
In this chapter we present the first study on the effects of a severe drought on ABA 
concentrations and fluxes, and their influence upon stomatal response, in a mature 
stand of conifers. We explore the hypothesis that stomatal conductance is controlled 
by an ABA signal conveyed from the root to the shoot in the xylem stream. 
4.3 MATERIALS AND METHODS 
4.3.1 STUDY SITE 
The forest site and general experimental conditions were as reported under heading 
2.3.1 of this thesis. 
4.3.2 MEASUREMENT PROTOCOL 
4.3.2.1 CONTINUOUS MEASUREMENTS 
Microclimate 
Meteorological measurements were as reported in 2.3.3.1. 
Sap flow 
Sap flux density was measured by the heat pulse method (Custom system, Soil 
Conservation Centre, Palmerston North, New Zealand). One tree per plot (four per 
treatment) was fitted with a heat pulse velocity sensor (HPV) using four thermistor 
probe pairs arranged vertically at varying depths and at 90 0 intervals around the tree 
circumference, at a height of one metre. A one-second heat-pulse was applied every 
twenty minutes from a central heating probe and HPV recorded by thermistor probes 
inserted above (10 mm) and below (5 mm) the heater. Sap flow velocity (Q) was 
calculated by averaging values per treatment (W'), after standard corrections, on a 
sapwood area basis. The nomenclature adopted for sap flow measurements follows 
that suggested by Edwards, Becker & Cermak (1997). The sap flux measurement 














Canopy Stomata! Conductance 
The canopy stomata! conductance (g e) was estimated from sap flow measurements 
(see 3.3.2.1). 
ABA Delivery Rate 
An estimate for the time taken for ABA to be transported was obtained from the sap 
flow data. Raw data were reworked to obtain a peak daily sap flow taken as the sap 
velocity over the first 4 cm of the sapwood radius and restricted to the 12-hour period 
of maximal sap flow, obtained from diurnal profiles (Fig. 4.1). 
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Time of Day 
Figure 4.1. Diurnal patterns of sap flux, expressed on a ground area basis, during four days as the 
drought progressed: (a) water-stressed trees, and (b) control trees. Bars are mean values, applying to 
successive dates: 4th  May, 270' June, 9th August and 31 August. The dashed arrow-line represents the 
12-hour period of peak velocity used in calculations of minimum delivery time. 
This 12-hour period, in general, accounted for approximately 90 % of the daily total 
sap flow. The effect of stem sapwood taper was accounted for by integration between 
three heights: (a) the height of measurement (1 m); (b) an arbitrary crown base height 
of 9 m, and (c) at an assumed tree height of 15 m (Fig. 4.2). Ojansuu & Maltamo 
(Fig. 4, 1995) showed the taper of Scots pine stems is linear between (a) and (b), 
with a reduction in sapwood area of 50 %, for a tree of 20 cm DBH. The rate of sap 
flow calculated at the crown base was assumed to remain constant within the crown 
as total branch sapwood area is larger or equal to the stem sapwood area providing it, 
in mature Scots pine (Fig. 9, Mencuccini & Grace 1996). Butt swelling was ignored 
in calculations. If incorporated this would further increase delivery time estimates. 
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Figure 4.2. Diagramatic representation of sapwood area profile, as used in calculations of potential 
peak delivery times. Solid line shows influence of taper. on sapwood area, short-dotted line shows 
assumed sapwood area above the crown base (c), including branch sapwood area. T denotes the 
assumed tree height. Velocities (V 1 & v2 : dashed horizontal lines) were calculated from sapwood area 
and sap flow data. V 1 was calculated from measured values whilst V2 was calculated according to 
relationships to V1 reported in the literature (i.e. 2v 1 ). Figure adapted from Ojansuu & Maltamo 
(1995). 
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where v (s) is the velocity at height s and height zero is assumed to be at height of 
sap flow measurement (1 m). 
Equation 1] was solved to: 
[2]T(s) = 
Vi 2vi 2v 
where c is height at the base of the crown, t is height of the tree, V is sap flow 
measured at 1 m (zero height) and .V2 is sap flow at crown base (2v 1 ). 
It was then possible to estimate the minimum delivery time for ABA to travel from 
the roots to shoots. 
4.3.2.2 PERIoDIc MEASUREMENTS 
Soil MOisture 
Volumetric soil water content (VWC) was measured using time domain 
reflectometry (TDR) every two weeks (see 2.3.3.2). 
Leaf Water Potential (W 1 ) 
Leaf water potential (i'L)  was assessed at 3-hour intervals, on selected days, from 
pre-dawn to dusk (see 2.3.3.2). 
Xylem Sap pH 
Xylem sap pH was measured using a Mettler-Toledo Electrode (Mettler-Toledo, 
Leicester, UK) which allowed quantification of sample pH where the remaining 
sample volume was> 50 .il, after calculations of ABAi were complete. 
Abscisic Acid (ABA) 
Xylem sap for abscisic acid analysis was collected during the early afternoon, on the 
same selected days, at intervals throughout the season. On two dates diurnal 
variation in ABA concentration were measured by collection of sap over the course 
of the day. Large shoot samples 20 to 30 cm long (4-5 years old) were collected 
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randomly from one tree in each plot using pole pruners and immediately placed in 
polythene bags containing moist towels to minimise water loss. Bark was removed 
from the distal end of the shoot to avoid possible contamination of xylem sap by 
ABA exuding from the phloem tissues (Else et al. 1994), and shoots placed into a 
Scholander pressure bomb (Model 1400, Skye Instruments Ltd., Landrindod Wells, 
UK.). Approximately 50 mm 3 of sap were collected from each shoot by pressurising 
to 0.5-1.5 MPa above the balancing pressure, this pressure being reached by a 
gradual increase (<0.3 MPa mm 4). It has previously been reported that there is no 
correlation between the applied over-pressure and ABA concentration in the xylem 
sap (Wartinger et al. 1990). The expressed sap was collected directly from the 
exuding xylem vessels, via a micro capillary tube, in a 1.5 cm3 polypropylene 
Eppendorf vial. The vial was protected from bright light by encapsulation with 
aluminium foil, wrapped in Nescofilm (Nescoflim, Nippon Shoji, Osaka, Japan) 
then immediately frozen in liquid nitrogen. On return to the laboratory samples were 
stored at -80 °C pending later analysis. 
4.3.3 MEASUREMENT OF ABA CONCENTRATION 
Concentrations of ABA in the xylem sap were quantified by the radioimmunoassay 
(RIA) protocol (Quarrie et.al. 1988). The monoclonal antibody used (AFRC MAC 
62) is specific for (I-) -cis,trans-G-3H-ABA. Standard ABA samples were included 
in each assay for construction of the standard curve. 
The validation of the RIA, for use with unpurified sample extracts, was confirmed by 
a dilution/spike recovery test for non-specific interference (Jones 1987). The data 
obtained showed the absence of any significant non-specific interference, as the 
regressions were parallel when compared to the standard control lines (Appendix 
IV.7). 
4.3.4 STATISTICAL ANALYSIS 
Where a particular measured variable showed a clear treatment effect (graphically) a 
series of t-tests were performed to quantify the significance of treatment at each date 
or time. Where no clear interaction was observed a two-way ANOVA with one 
repeat measures factor was performed. Lag-day data was analysed by covariance 
with vary lag. Data were analysed using SAS (SAS Institute Inc. 1988). 
ZI 
4.4 RESULTS 
Soil moisture fraction (IV) integrated over the top 20 cm depth in the water-stressed 
treatment declined to a minimum of 0.05 at the end of August 1995. The fluctuating 
nature of soil moisture in the control treatment was due to periodic irrigation over the 
season, but W never fell below 0.2. This confirmed that a statistically significant 
difference occurred from April 1995 (Fig. 2.1 .a). 
The pre-dawn needle water potential ('-PLPD)  of the water-stressed treatment was 
lower than in controls throughout the season (Fig. 2.1 .b). From 27th  July until the 
start of November the difference between treatments was statistically significant (p < 
0.05). At the height of the drought '-1'LPD  in the water-stressed treatment fell to a 
minimum of -0.75 MPa, and remained above -0.55 MPa in the controls. A marked 
increase in tPLPD was evident in September, this being most pronounced in the water-
stressed treatment. This was considered to be the end-point in the imposed. drought 
and a concomitant small rise in soil moisture wasevident (Fig. 2.1.a). This date 
coincided with a period of high precipitation which may have circumvented the soil 
septum or led to a rise in ground water levels. 
MAA 
Near-constant concentrations of xylem sap ABA (ABAi) were generally observed 
over the course of each day (Fig. 4.3). In the driest period, water-stressed plants 
displayed higher concentrations of ABA than the corresponding controls on the 91h 
August (p < 0.05). Differences in the flux of ABA were not significant because of 
the reduced flow rate in the water-stressed treatment. Diurnal fluctuations in 'FL 
were seen in both treatments (Fig. 4.3.c). On the 9th  August tFL  of the water-stressed 
trees was approximately 0.3 MPa lower than the controls (p < 0.01, all data). On the 
26th October TLPD  and minimum leaf water potential (I'Lffl.J)  at midday were 0.05 
and 0.1 MPa lower in the water-stressed trees, respectively . No significant 
treatment difference in either ABA1 or ABA flux was observed on the 26 October. 
Although on this date 'FLPD showed a significant treatment difference (p < 0.05), 
'-FLPD had recovered considerably in both treatments (Fig. 3.1b), suggesting a 
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Figure 4.3. Diurnal variation, on two contrasting dates, of meteorological and physiological variables: 
(a) photosynthetically active radiation, (b) vapour pressure deficit, (c) leaf water potential, (d) sap 
flow rate, expressed on a ground area basis (m 2), (e) xylem sap ABA concentration (n = 4) and (f) 
ABA flux to the leaves. The 9th  August is during the height of the imposed drought, the 26 th October 
represents the very end of the drought. Closed symbols: water-stressed trees; open symbols: controls. 
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Figure 4.4. Seasonal variation of (a) xylem sap ABA concentration and (b) xylem sap ABA flux. 
Samples were collected at mid-day. Closed symbols: water-stressed trees; open symbols: controls. 
Points are means ± 1 standard error. 
Seasonal variation between treatments in ABA1 concentration, grouped over all 
dates, was statistically significant (p <0.01) (Fig. 4.4.a). The water-stressed plants 
displayed highest ABA1 concentrations between 201h  July and 31St  August (p < 
0.00 1). A gradual upward trend in ABA1 was evident in the control treatment, 
followed by a decline in Autumn. The water-stressed trees showed a clear increase 
in ABA1 over the course of the drought, until a peak of 600 p.mol m 3 on the 91h 
August was reached. ABA1 concentrations converged from September, when 'PLPD 
had recovered (Fig. 4.3.b). However, flux rates were not significantly different 
between treatments due to a reduction in sap flow in the droughted trees (Fig. 4.4.b) 
There was no clear relationship between ABA1 and '"LPD  (Fig 4.5.c). There was, 
however, a relationship between 'LMfN and ABA1 (Fig. 4.5.a) and canopy 
conductance (ge) (Fig. 4.5.b). A negative linear reduction in gc was evident with 
decreasing 1+'LM[N (r2 = 0.55) and the relationship between TLMrN and ABA1 could 
be described by a polynomial expression (r2 = 0.64). A roughly negative-linear 
relationship between ABA1 and gc  for the water-stressed treatment was noted (r2 = 
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Figure 4.5. Relationship between minimum leaf water potential and (a) xylem sap ABA concentration 
(r2=0.55), and (b) mid-day canopy conductance (r2 0.6): (c) relationship between predawn leaf water 
potential and xylem sap ABA concentration, and (d) relationship between xylem sap ABA 
concentration and mid-day canopy conductance. Closed symbols: water-stressed trees; open symbols: 
controls. Points are mean values (n = 4). Data are up to and inclusive 0f31st  August. 
There was no clear relationship between sap flow rate and ABAi concentration or 
the reciprocal of ABA1 (Fig. 4.6.a & 4.6.b). A roughly curvilinear relationship was 
evident between ABA flux and sap flow rate (Fig. 4.6.c). 
There was a clear relationship between soil moisture and ABA1, canopy 
conductance (ge)  and canopy conductance fraction (Fig. 4.7). 
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Figure 4.6. Relationships between (a) sap flow rate and xylem sap ABA concentration, (b) sap flow 
rate and the reciprocal of xylem sap ABA concentration, and (c) ABA flux and sap flow rate. Closed 
symbols: water-stressed trees; open symbols: controls. Points are individual values. 
The response to water deficit for all measurements, except sap pH, appeared to 
respond at a threshold value. This threshold was evident below water fractions of 
0.12 for both canopy conductance fraction (Fig 4.7.b), and kPLMIN (Fig. 4.7.d), both of 
which declined with increasing water deficit. The threshold for an approximately 
exponential increase in ABA1 was lower, the observed increase occurred at a water 
fraction of 0.8. For this soil, below a moisture fraction of 0.15 a steep decline in 
'I'SOIL occurs (Fig 4.8), and so the observed results may be interpreted as a response 
to 'VSOIL. Xylem sap pH (Fig 4.7.c) showed no response to soil water deficit (the one 
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Figure 4.7. Correlation between soil volumetric water fraction and (a) xylem sap ABA concentration, 
(b) canopy conductance ratio (plotted against droughted soil water fraction), (c) pH and (d) minimum 
leaf water potential. Closed symbols: water-stressed trees; open symbols: controls. Points are mean 
values (n = 4) except the value for pH distinguished by an arrow where n = 1 due to insufficient 
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Figure 4.8. Soil moisture release curve based on an average soil fraction of Sand 62:15 Clay. 
Calculations were based on the method reported in Sexton etal. 1986. 
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In order to explore the relationship between seasonal variation in ABA1 and g it 
was necessary to fit a smooth curve to the seasonal pattern in ABA1 to enable an 
estimate of ABA1 to be made for any specified day. An empirical model was 
constructed using SigmaplotTM (Fig. 4.9.c and 4.9.d). Seasonal trends of xylem sap 
ABA concentration were described by empirical equations, enabling daily values to 
be estimated. 
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Figure 4.9. Seasonal trends of (a) canopy conductance ratio (mid-day values) (b) canopy conductance 
(mid-day values) and xylem sap ABA concentration in (c) water-stressed treatment, and (d) control 
treatment. Points are mean values (n = 4). Four highly erroneous points have been discarded from 
plot (a), with data presented inclusive of 31 August. The seasonal pattern is described by empirical 
equations: (c) a linear portion from 5 th May to 5 th July (r2 = 0.5) and a Lorenzian function from 6th 
July (r2 = 0.89); (d) a cubic equation (? = 0.64). The functions were fitted using the package 
SigmaplotTM . 
These daily estimates were then correlated with mid-day canopy conductance using a 
form of time-series analysis to ascertain the lag-time between the two variables. 
From initial graphical inspection it appeared that the reduction in g occurred before 
the ABAi signal increased (Fig 4.9). Analysis with increasing lag times showed g 
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was most closely correlated with ABA concentration at 2-18 days lag. This indicated 
that declines in gc did indeed occur before increases in ABA1, in the water-stressed 
treatment, with significant correlations (r = 0.53, n = 20) evident across a range of -2 
to +18 days (Fig 4.10). 
Estimation of delivery times of ABA 
Typical sap velocities (Q) in the water-stressed plants at the height of the drought 
were 3 cm W', implying that delivery from root to shoot would take approximately 
500 h. The velocity varied, only slightly across the outer radius of the sapwood, so it 
may be concluded that there is not a 'fast stream' in the outermost xylem tissue to 
convey a signal at greater velocity (Fig. 4.11). Some further examples of estimated 
delivery times are given in Table 4.2, showing how the water-stressed plants may be 
expected to receive any signal from the root later than the controls. Under normal 
conditions a delivery time of 12-17 days may be expected. However, when the 
imposed drought was most severe a steep increase in delivery time was noted due to 
a decline in sap flux in the water-stressed treatment. Delivery times in August were 
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Figure 4.10. Correlation between ABA concentration and canopy conductance (mid-day), with 
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Figure 4.11. Averaged (raw) sap velocity data over a five-day period, from the 8th to 13th August, 
showing variation with probe depth. Closed symbols: water-stressed trees; open symbols: controls. 
Points are means ± 1 standard error. 
Date 04 - May 27 - June 09 - Aug 31 - Aug 
Treatment (a) (b) (a) (b) (a) (b) (a) (b) 
Sap flow@ 1 in 1.34 1.21 1.20 1.66 0.68 1.76 0.40 1.09 
Delivery time (hours) 

















Table 4.2. Peak sap flow and estimated delivery times of xylem sap ABA, on four dates over the 
experimental period. Treatments are (a) water-stressed, and (b) control. Delivery time values 
presented are to the nearest half-day. 
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4.5 DISCUSSION 
Water stress was successfully imposed over the course of the experiment. Data 
presented elsewhere show that it was sufficient to cause a 14 %, 34 % and 20 % 
reduction in basal area, shoot and needle growth respectively in comparison with the 
control by the end of the 1995 growing season (Fig. 4.9, Irvine et al. 1998). This is 
believed to be 'severe' in relation to the drought levels that Pinus sylvestris (L.) may 
experience in its natural environment, despite the fact that the trees may have 
extracted some water from deep within the soil profile towards the end of the 
experiment. 
Diurnal variations in xylem ABA concentration (ABA1) showed no pronounced 
fluctuation throughout the day, as shown, by Wartinger et al. (1990), but in contrast 
to results from container grown saplings (Jackson et. al. 1 995b). As a result of 
reduced sap flow in the water-stressed trees the ABA flux did not differ from that of 
the controls, ABA flux following the diurnal pattern of sap flow rate. 
Over the season ABA1 rose to a peak in August, and the increase in ABA1 in the 
water-stressed treatment was two-fold that of the control treatment at the peak of the 
drought. This is a much smaller relative increase than the previously reported 11-
fold difference found in saplings of Pinus sylvestris (L.) (Jackson et.al. 1995b). The 
peak value at the height of the drought, 600 i.mol m 3, was of the same order of 
magnitude as previously reported in other mature tree species (Wartinger et al. 1990; 
Triboulot et al. 1996; Sturm et al. 1998). It is significantly lower than the extremely 
high values of ABA1 found by Jackson etal. (1995b). Possible causes for the large-
scale variations observed in ABA1 from previous studies have been outlined by 
Triboulot et al. (1996). These include variations in extraction techniques, the size of 
shoot used to obtain the sample, and contamination from phloem ABA. The latter 
may have been prevented in both this experiment and that reported by Jackson et al. 
(1995b) by the precautionary removal of the bark before collection of ABA1 
samples. In the study by Jackson et al. (1995b) sample purity was not analysed (cf 
Jones 1987). In this study sample purity was confirmed (see Appendix IV). 
Furthermore, the imposition of a gradual soil drought (several weeks) in tall trees is 
significantly different from the rapid imposition of drought (several days) in studies 
using seedlings. 
Despite the two-fold increase observed in ABA1 concentration the effect of sap 
flow rçductions, due to stomatal closure reducing transpirational water loss, meant 
that no significant increase in flux (the amount arriving in the leaf) occurred. 
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The immediate decline in soil moisture in May did not induce an immediate decline 
in pre-dawn TL. A threshold relationship with soil moisture deficit (SMD) was 
evident with canopy conductance ratio (g a), ABAi and bulk PLMIN. The rise in 
ABA 1 did, however, occur at a lower soil water potential. Thus these results do not 
necessarily demonstrate a direct control of stomata by soil moisture deficit, via a 
root-sourced hormone per Se, but may simply be the result of a sharp decline in 
'FSOIL below a value of 12 %. The canopy stomatal conductance of the water-
stressed trees began to decline on the 23id  May. However, a significant increase in 
ABA1 was not noted until after the 271h  June, again suggesting that the clear 
reduction in stomatal canopy conductance observed from the 23id  May could not 
have been caused by the ABA1 signal. 
The observed stomatal closure cannot be adequately explained by reductions in leaf 
water content, as neither bulk PL,  leaf turgor nor osmotic potential were significantly 
different between treatments over this period (Irvine et al. 1998). 
The timing of stomatal closure and ABA transport is such that it seems quite unlikely 
that stomata responded to an ABA signal carried in the xylem. Stomatal closure did, 
in fact, occur before any increase in ABA1 and therefore ABA1 cannot be a signal 
involved in direct control of g. Sap velocities in the present work are similar to 
those reported elsewhere for mature conifer species: Milbum (1979: Fig 5.6), data on 
Pinus contorta (Dougi.), peak sap velocity of 8 cm h' (July) equates to a daily (12 h) 
rate of 86 cm d'; Kline et al. (1976) data on Psuedotsuga menziesii equates to 182 
cm d 1 ; Mark & Crews (1993), data on Pinus contorta (Dougl.), sap velocity 
averaged over the first 40 mm depth, peak values equate to 138 cm d , daily 
averages equate to 69 cm d 1 and Kostner et al.(1996), data on P.sylvestris (L.), 
equates to 204 cm d. Several other authors show values that are an order of 
magnitude larger (eg. Schuize et al. 1985: Jones 1992). In the former the flow 
velocities stated are not sourced, in the latter values are taken from Zimmerman & 
Brown (1971). These values are inappropriate as they are heat pulse velocities (raw 
data) not sap velocities, and therefore none of the appropriate corrections have been 
applied (Edwards et al. 1997). As Schuize (1991) summated, "in conifers a root 
signal transported in the xylem may be too slow to be effective". 
At the height of the imposed drought the estimated time taken for a signal to travel to 
the crown increased dramatically to over six weeks. This further questions the role 
of such a signal even in longer-term acclimation to gradual soil water depletion. 
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It is also possible to calculate expected peak sap flow rate from Hagen-Poiseuille's 
Law if we assume the conduit is a cylinder: 
Where r is the radius of the tube (m), 11 is the dynamic viscocity of the fluid (for 
water at 20 °C = 1 x 10 kg m 1 s'), / is the path length (m) and LtP is the 
hydrostatic pressure gradient (MPa m'). In Pinus sylvestris mean lumen diameter in 
the early wood is 35 p.m and if we assume a typical pressure gradient in a transpiring 
plant to be 0.03 MPa m 1 (Nobel 1991) then J, = 1.14 x 10 m s'. This is two orders 
of magnitude greater than rates calculated from sap flow measurements (e.g. 1.66 x 
10) but this theoretical limit does not account'for increases in the resistance to path 
flow caused by xylem embolism, conduit wall imperfections or pit membrane pore 
size (Zimmerman 1971; Petty 1978; Schulte, Gibson & Nobel 1989; Tyree & Ewers 
1991). The additional contribution to resistance made by pit membrane pores has 
been theoretically estimated at 0.6 - 18.6 % (Schulte, Gibson & Nobel 1989; Ellerby 
& Ennos 1998). Also conduits are not ideal cylinders as is assumed in such 
theoretical estimates. 
Previous studies have highlighted the importance of the effect of the flow rate of the 
sap upon the concentration of ABA1, the ABA flux, into the leaves (Gowing et al. 
1993; Else et al. 1995; Jackson et al. 1995b). In this study there was no discernible 
relationship between sap flow and ABA1. ABA flux did show a relationship to sap 
flow rate. However, Jarvis & Davies (1997) showed that ABA flux estimates are 
prone to error associated with the incorporation of measurement errors for both 
ABA1 and, more critically, sap flow. It was suggested that a definitive treatment 
response could be identified using the reciprocal of ABA1. With data obtained in 
the field, however, the large-scale variations of VPD experienced mean that such 
data interpretations are not possible or are so highly scattered as to confound 
attempts to draw any meaningful conclusions. 
It has been suggested that correlation between leaf water status and stomatal 
conductance is only observed in cases where leaf water status has no controlling 
action on stomata (Tardieu, Lafarge & Simmonneau 1996). Whilst it is difficult to 
determine whether correlation between variables might explain a threshold 
phenomenon for TL (Tenhunen et al. 1994) direct control of stomatal aperture by 
ABAi can be discounted in this study due to excessive delivery times for the signal. 
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ABA loading may increase as a result of variation in xylem sap pH (Wilkinson & 
Davies 1997). In this study bulk xylem pH showed no significant variation due to 
water stress except on one date (3 August) but we can have little confidence in this 
result as the sample size (n = 1) was insufficient. Values were lower than those 
reported for Helianthus annuus in response to drought by Schurr, Gollan & Schuize 
(1992). Hartung & Radin (1989) in studies on Phaseolus vulgaris roots proposed an 
increase in pH could function as an early signal of reduced soil water availability, 
mediated by ABA. These results cannot confirm or refute this theory although, over 
a wide range of soil water content, no significant variation in bulk sap pH was found. 
A role for ABA in the control of stomatal aperture mediated through changing 
apoplastic pH (Thompson et al. 1997) cannot, however, be discounted. This would 
require ABA release from store (in the leaf symplast), or may occur from a reduction 
in symplastic sequestration of ABA, in response to internal leaf pH gradients, which 
would favour apoplastic ABA accumulation in droughted plants (Hartung, Wilkinson 
& Davies 1998; Wilkinson et al. 1998). The presence of a store of leaf ABA would 
not be required however, as no severe reduction of ABA flux was observed. One 
other possible localised source of ABA, in situations of perturbed water relations, 
may be older leaves that are less able to control their water status (Wolf et al. 1990). 
In fact it has been postulated that under conditions of water stress an increase in 
reverse phloem flow or recirculation of phloem ABA could provide a source of ABA 
(Loveys 1984; Schulze et al. 1988). 
A clear threshold relationship was evident between SMD and both tPLMIN, and 
ABA1. However, whilst SMD and ABAi are correlated this does not preclude the 
occurrence of a hydraulic signal in a simple feedback model of stornatal conductance 
with leaf water status (Saliendra, Sperry & Comstock 1995; Fuchs & Livingston 
1996; Muencuccini & Comstock 1998). The control of stomatal aperture in the 
regulation of P is important in the control of xylem cavitation (Jones & Sutherland 
1991). It is envisaged that stomata would respond to complex gradients of PL  within 
the leaf (cf. Saliendra, Sperry & Comstock 1995), as influenced by a hydraulic signal 
(Malone 1993). The presence of a hydraulic signal would, therefore, go some way 
towards explaining the clear relationship observed between bulk 'PLMIN, and both 
ABAi and gc.  It is possible that the delivery of ABAi interacts with a hydraulic 
(physical) system (Fuchs & Livingston 1996), ABA synthesis in the leaf may be 
progressively increased in response to variations in leaf water status (Wright 1977; 
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Pierce & Raschke 1981), or ABA sequestered in the leaf may be released in response 
to a hydraulic signal. An interaction between these two systems has, in fact, been 
incorporated into recent models of stomatal response to soil drying (Tardieu & 
Davies 1992; Tardieu 1993) and distinctions between stomatal response in plants 
exhibiting isohydric and anisohydric have been made (Tardieu, Lafarge & 
Simmonneau 1996; Tardieu & Simmonneau 1998): 
4.6 CoNcLusioN 
The presence of ABA in the xylem of mature conifers has been confirmed, and we 
have shown an increase in concentration occurs with an increase in soil water deficit. 
However, stomatal closure precedes ABA1 and so we must reject the hypothesis 
that stomatal closure is caused by ABA1. Moreover, in tall conifers the sap 
velocities are generally too slow for root to shoot ABA signalling to be effective in 
influencing stomatal closure in time to avoid tissue water deficits. Three very recent 
reports on the response of woody species in root pressurisation experiments seem to 
suggest stomatal control via a hydraulic system to be the most likely form of 
stomatal control, whilst other authors suggest the possible influence of internal leaf 
pH gradients on the release of stored ABA or ABA from reverse phloem flow. We 
tentatively suggest that the presence of a hydraulic signal would explain the results 




5.1 THESIS SUMMARY 
The primary driving force for water movement in the plant, against the effects of 
gravitational force and frictional forces internal to the plant, is a tension derived from 
the evaporation of water in the leaf. In vascular plants water movement is primarily 
through the elongated conduits that compose the xylem, namely tracheids in 
coniferous species. These conduits offer a pathway of least hydraulic resistance 
(maximum conductance). Although a continuity of water exists between the leaf and 
the soil via the xylem, no rapid equalisation of water potential can occur because of 
the very high resistance to water flow in the soil-plant-atmosphere system. Water 
movement is thus governed by two fundamental factors: the driving forces and the 
conductance of the water flow pathway. 
The concept of water moving from the soil to the atmosphere down a gradient of 
water potential, with driving forces and flow resistances linked from soil to 
atmosphere in a catenary fashion, was first proposed by van den Honert (1948), and 
was based on the soil-plant-atmosphere-continuum (SPAC) concept (Huber (1924). 
Van den Honert's (1948) resistance model (an analogy to Ohm's Law) showed the 
pivotal importance of the stomata in controlling water loss. Stomatal behaviour has 
consequently dominated the study of plant water relations (Passioura 1982). The 
concept of the SPAC has also provided a useful framework within which 
understanding of plant water relations has developed (Pallardy 1989). 
Plant water deficits affect almost every aspect of tree physiology and morphology 
(Kozlowski 1991; Kozlowski & Pallardy 1997). Of particular importance to the 
conduction of water through the SPAC is the development of air filled embolisms 
after cavitation of water-conducting conduits. The resultant failure of xylem 
function leads to an increase in resistance in the SPAC. Under conditions of drought 
increases in embolism can be envisaged as a result of the greater tensions which may 
develop if transpirational water loss remains constant. 
It is surprising that we still know relatively little about the ecological significance of 
cavitation and refilling (Grace 1993a,b). The effect of soil water deficits upon the 
plant has, to date, concentrated on small plants under controlled conditions. This 
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thesis some aspects of the physiological effects and response to prolonged soil water 
deficit of matureScots pine. In particular it aimed to address the following questions: 
• Is cavitation a regular occurrence? 
• Does the plant's apparent threshold to cavitation alter over a prolonged drought 
period and does it have deleterious effects on the water status of the plant, and if 
so, is there any evidence for the reversal of embolism or are drought effects 
carried-over to the following year? 
• Is whole plant water status controlled at the leaf by stomatal closure and is this 
related to soil moisture, possibly via the relay of a root ABA signal? 
• What are the main environmental driving variables acting upon stomata under 
conditions of prolonged drought and what are the effects of reduced conductance 
upon assimilation? 
Acoustic emissions, which are thought to be (rimarily) a result of cavitation of 
water filled conduits, were detected in branches and boles of both water-stressed and 
control trees throughout the season. A significant effect of water-stress as monitored 
by UAE, in both boles and branches, was noted at the height of the drought. No 
difference, in accumulated AE's, between boles and branches was evident, and there 
was no evidence of a lag in the occurrence of UAE, between the two tissues. This 
suggests that there was no appreciable store of water in the tree, although there may 
have been a larger number of cavitations in the branches than the bole at the start of 
the season (cf Peña & Grace), so vulnerability thresholds may vary between tissues. 
Differences in threshold water potential for vulnerability to cavitation were found at 
the height of the drought and suggest a decrease in the apparent vulnerability to 
cavitation of the remaining functional conduits, in the branches of the water-stressed 
trees. This may be as a result of the loss of the most vulnerable conduits, in the 
water-stressed trees. Vulnerability may be related to tracheid dimensions (Lo Gullo 
& Salleo 1991), or pit-membrane pores sizes (Crombie, Hipkins & Milburn 1985). 
There are no reports of pit-membrane pore size for Scots pine. However, any 
correlation between either conduit dimension or pore size seems to be species 
specific, as correlations with both dimensions have been reported in the literature. 
It was estimated from acoustic measurements that about 15% of the functional 
tracheids (in the branches) were cavitated, over the period April to October, but this 
did not result in any visible signs of needle loss, or branch death as might be 
expected from application of the plant segmentation hypothesis. There must, 
therefore, be either spare water conducting capacity within the tissues (a redundancy 
built into the SPAC) or it may be an indirect sign of refilling. It is possible that 
cavitation may function as a mechanism to moderate water use is hypothesised: 
cavitation may not represent a limitation on gas exchange as much as an additional 
means of regulating it, and it may offer a source of water to buffer a declining leaf 
water status. 
The relative water content can be viewed as an integrated measure of all the 
cavitation that has occurred (at the point of measurement) in the tree, minus any 
refilling or rehydration by growth of new tracheids (Jackson, Irvine & Grace 1995 a). 
Bole R was consistently lower than shoot R, but showed no evidence of an 
increase in embolism (reduced bole R) over the course of the drought, or any 
increase in R, which would be indicative of refilling. The lack of variation in bole 
Rw may be indicative of a more negative cavitation threshold of these tissues which 
would protect the tree, at the onset of water-stress, from a substantial increase in 
whole-plant hydraulic resistance. 
In 1-year-old shoots a significant increase in xylem embolism was found in the 
droughted trees. The seasonal changes in R of shoots observed were interpreted as 
the occurrence and refilling of emboli in the xylem tissues: an active role of 
precipitation in refilling of shoot emboli is hypothesised (e.g. Stone, Shachori & 
Stanley 1956). 
Widespread dysfunction of the water-conducting pathway was avoided by tight 
stomatal control of transpirational water loss below a threshold soil volumetric water 
content of 12 %, measured over the top 20 cm of the vertical soil profile. This 
control of water loss was evident for measurements at both the leaf- and whole-tree 
(stand) scale. Stomatal closure maintained leaf water potential (indicative of xylem 
tension) close to the cavitation threshold, within minimum water potentials at the 
height of the imposed water-stress of -1.5 MPa. 
The decline in stomatal conductance could not have been mediated by an increase in 
xylem sap abscisic acid (ABA1), as the observed stomatal closure preceded any 
increase in ABAi. There was also no observable effect of soil drought on xylem sap 
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pH, which has been hypothesised as a possible alternative signal of soil water status. 
The results suggest that a feedforward model of short-term stomatal response to soil 
drying, by the sole action of a chemical messenger from the roots, is inappropriate in 
mature conifer trees. We tentatively suggest that a model using hydraulic signals 
might apply. 
The results point to the dependence of stomatal movements on vapour pressure 
deficit at the leaf surface (short-term), and to a dependence on soil water status 
(long-term). It was also evident that this response had a direct effect upon 
assimilation rate. The reduction in assimilation noted from leaf-level gas exchange 
measurements was ultimately observed in reductions in bole basal area, shoot and 
needle growth. 
Although there was a recovery in pre-dawn needle water potential in September, this 
occurred before any recovery in shoot embolism (R), and there was a slight increase 
in soil moisture at the same time. This could be the result of aerial inputs alleviating 
the water stress, directly at the needle. 
The following year a recovery in canopy stomatal conductance is evidence that 
drought effects upon the SPAC were not carried over to the following season. 
5.2 OVERVIEW: IMPLICATIONS 
5.2.1 HYDRAULIC ARCHITECTURE AND SUFFICIENCY OF TREES 
The first observations on plant hydraulic architecture were presented by Leonardo da 
Vinci who observed "all the branches of a tree at every stage of its height, when put 
together, are equal in thickness to the trunk below them" (Richter 1970). The idea of 
even conductance throughout a tree led to a conceptual framework, the 'pipe model' 
(Shinozaki et al. 1964a, b), in which the plant is viewed as an assemblage of 'unit 
pipes', each of which supports a unit of leaves. The pipe model theory has been of 
some use in predicting canopy leaf mass from xylem cross sectional area, resource 
allocation, biomechanics and tree growth (c.f Ewers & Zimmerman 1984). However 
the model is of little value in understanding tree function as a transport unit as it does 
not consider variations in path lengths of the transport pathway (Tyree & Ewers 
1991). The theory was further developed through the concept of 'hydraulic 
architecture' which describes the hydraulic conductivity of xylem in a part of the tree 
82 
related to the leaf area it supplies. When quantified for a segment of the tree this is 
the so-called Leaf Specific Conductivity (Zimmerman 1983). 
The occurrence of embolism in the SPAC can substaiuially influence water status. 
According to Zimmerman's plant segmentation hypothesis (Zimmerman 1983) in 
times of water stress embolism will occur preferentially in minor branches. Some 
data and models have supported the theory of plant segmentation (Tyree & Sperry 
1989a; Sperry & Saliendra 1994; Sperry & Ikeda 1997; Tsuda & Tyree 1997). In 
this investigation the short-term studies of ultrasonic acoustic emissions in branch 
and bole displayed no evidence to support the theory of plant segmentation. It is 
possible, however, that far greater cavitation occurred in the branches of water-
stressed trees at the onset of the drought. The reductions in RWC of the previous 
year shoot, and the lack of any treatment effect on bole RWC add some weight to 
this assertion. 
One of the aforementioned studies (Sperry & Ikeda 1997) outlined the importance of 
the low threshold of vulnerability to cavitation they found small roots of conifers. 
They suggested this may be beneficial in limiting water use during mild drought, and 
in protecting the stem from low xylem pressures during extreme drought. In this 
study the majority of resistance to flow in the SPAC was located in the below-soil 
compartment. This result could, however, equally be due to the occurrence of root 
mortality or reduced fine root production. 
Previous studies have suggested that the tree bole can act as a substantial water 
storage organ (Waring et al. 1979; Kozlowski & Pallardy .1997). There was no 
evidence of seasonal variation in sapwood water content in this study, though the 
occurrence of cavitation and the subsequent release of water to the plant may have 
contributed to an alleviation of plant water deficit in the SPAC. 
5.2.2 STOMATAL RESPONSE TO WATER DEFICITS 
Water is conducted by the xylem to and eventually across the leaves. It moves to the 
individual leaf cells flowing partly via the apoplast and partly via the symplast. In 
the substomatal cavity the water in pores of the cell wall is in contact with the air, 
from whence transpiration can take place. The water potential difference between 
the substomatal cavity and the air is the largest encountered in the entire SPAC. 
Here also is the largest transfer resistance in the plant, this being due to the high 
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energy required for evaporation. After water vapour has diffused through the 
intercellular spaces it escapes from the leaf by diffusion through the stomata. The 
'size' of the resistance in this part of the pathway is under the control of stomatal pore 
aperture. Whilst there is considerable information concerning the response of 
stomata to environmental conditions, the effect of stomatal closure upon the rate of 
photosynthesis is less well documented for conditions of severe drought in mature 
trees. In this study data is presented on both stomatal conductance, net assimilation 
by photosynthesis and the 'indirect' effect that the evident reduction in assimilation 
had upon plant growth and allocation. It appears that drought has a direct influence 
on photosynthesis, not mediated by stomatal aperture. 
The mechanism by which stomata are able to sense increasing soil water deficits is 
still an open question, particularly with reference to mature trees. Controlled 
environment studies and field studies on small trees or agricultural crops have led to 
the suggestion of a role for root-generated chemical signals. In mature trees this role 
has been questioned (Triboulot et al. 1996), and an alternative control mechanism 
involving hydraulic signals causing complex gradients of TL within the leaf has been 
proposed (Saliendra, Sperry & Comstock 1995). Our results support the contention 
that ABA is not the primary signal of soil water deficits in mature Scots pine, though 
our measurements of bulk leaf water potential do not supply information at a fine 
enough scale to corroborate the proposed theory of a hydraulic signal. 
5.2.3 IMPACT OF WATER RELATIONS: MODELLING DROUGHT RESPONSE 
Despite the knowledge gained in recent decades on the primary factors influencing 
stomatal conductance , in natural habitats, there is still large unexplained regional and 
continental scale heterogeneity (e.g. Alsheimer et al. 1998) which may be due to 
acclimation to natural gradients (Friend, Woodward & Switsur 1989; Kelliher 
Leuning & Schulze 1993). The comparison of data from this study with data from a 
site at Hartheim, Germany suggests a variation in the threshold response of stomata 
to soil water deficit, probably due to site acclimation in the different provenances. 
This highlights the fact that current global circulation models (GCM's), that often 
include a threshold response of surface conductance to soil moisture, may not be an 
adequate reflection of the actual response at a regional / local scale. This variation is 
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probably further exacerbated by the multifarious methods employed in the 
measurement of soil moisture. 
The data presented adds weight to the argument for regional scale models of forest 
growth and productivity, and the inclusion of drought as a major environmental 
variable. Recent advances in this direction have been reported (e.g. Williams et a! 
1996; Kowalik et al. 1997; Linder et al. 1997). The results reported here point to the 
dependence of stomatal movements on vapour pressure deficit (at the leaf surface), 
with a consequent direct effect upon assimilation rate. The data suggest an 
appropriate approach to modelling scenarios, addressing acclimation of gas exchange 
would be to express photosynthesis as a function of stomatal conductance and 
stomatal conductance as a function of vapour pressure deficit. 
Whilst computer simulations will always be just that, a simulation (i.e. an 
approximation), approaches incorporating soil moisture response, uneven age 
structures and variable forest composition are possible, with validation coming from 
comparisons with independent whole-forest measurements, such as those available 
from eddy-correlation studies. In order to assess the likely effects of elevated CO2 
on tree drought tolerance, it is necessary to consider species-specific, whole-plant 
responses in detail (Solomon 1986). This requires knowledge of g,  canopy leaf area 
and root-to-shoot partitioning (Saxe, Ellsworth & Heath 1998). This study goes 
some way to providing'a more complete data set on the inter-relationships governing 
water loss, drought response and assimilation for mature trees. Such a study can 
provide information for local/regional analyses of the impacts of climate change on 
forests, would help in developing forest management strategies to cope with the risk 
of changing environmental conditions. 
5.2.4 FURTHER WORK 
Further work on the mechanism(s) by which stomatal close in response to drought 
would be highly valuable. The theory of intra-leaf variation in water potential as a 
cause of stomatal closure is of great interest in the light of the poor correlation 
between increases in xylem ABA and stomatal closure. Further research into 
maximum sap flow in mature trees would go some way to confirming the potential of 
chemical signalling in tall trees. Even in the most recent literature (Loewenstein & 
Pallardy 1998), where sap flow and xylem sap ABA were measured there is a 
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reliance on the 'old' data of Hinckley et al. (1978) for values of peak sap velocity, to 
provide a justification of the observed correlation between ABA and conductance. 
The data presented here argues strongly for a fresh look at potential minimum 
delivery times in mature trees. 
The response of stomata to soil water deficit, it can be envisaged, may alter in 
response to variations in the vertical soil water profile, and this should be addressed. 
The observed recovery of leaf water potential and shoot relative water content before 
a large-scale recovery of soil water deficit suggests a role for aerial absorption. 
Perhaps a timely review to the work of E.C.Stone (among others) would provoke a 
renewed interest in the potential of aerial inputs to affect water relations in the 
SPAC. In terms of the SPAC the below-ground component of the system is the least 
well documented. An increase in our knowledge of root dynamics, vulnerability to 
cavitation and the influence of mycorrhizal associations upon drought tolerance is 
required. 
References 
AlderN.N., Pockman W.T., Speny J.S. & Nuismer S. (1997). Use of centrifugal force in 
the study of xylem cavitation. Journal of Experimental Botany 48, (308) 665-674. 
Alder N.N, Sperry P.S. & Pockman W.T. (1996). Root and stem xylem embolis, 
stomatal conductance, and leaf turgor in Acer grandidentatum populations along a soil 
moisture gradient. Oecologia 105, 293-301. 
Aisheimer M., Kostner B., Falge E. & Tenhunen J.D. (1998). Temporal and spatial 
variation in transpiration of Norway spruce stands within a forested catchment of the 
Fichtelgebirge,Germany. Annales des Sciences Forestieres 55, 103-123. 
Anonymous. (1991). The potential effects of climate change in the United Kingdom. 
Climate Change Impacts Review Group. HMSO, London. 
Arneth, A., Kelliher, F.M., Bauer, G., Hollinger, D.Y., Byers, J.N., Hunt, J.E., 
McSeveny, T.M., Ziegler, W., Vygodskaya, N.N., Milukova, I., Sogachov, A., Varlagin, 
A., & Schulze, E.D. (1996). Environmental regulation of xylem sap flow and total 
conductance of Larix gmelinii trees in eastern Siberia. Tree Physiology 16 (1-2), 247-
255. 
Baldocchi D.D., Luxmoore R.J. & Hatfield J.L. (1991). Discerning the forest from the 
trees: an essay on scaling canopy stomata! conductance. Agricultural and Forest 
Meteorology 54, 197-226. 
Bates L.M. & Hall A.E. (1981). Stomatal closure with soil-water depletion not 
associated with changes in bulk leaf water status. Oecologia 50, (1) 62-65. 
87 
Beadle C.L., Jarvis P.G., Talbot H. & Neilson R.E. (1985a). Stomatal conductance and 
photosynthesis in a mature Scots pine forest: II Dependence on environmental variab!es 
of single shoots. Journal ofApplied Ecology 22, 573-586. 
Beadle C.L., Talbot H., Neilson R.E. & Jarvis P.G. (1985b). Stomatal conductance and 
photosynthesis in a mature Scots pine forest: III Variation in canopy conductance and 
canopy photosynthesis. Journal ofApplied Ecology 22, 587-595. 
Beerling D.J. & Woodward F.I. (1994). Climate change and the British scene. Journal of 
Ecology 82, 39 1-392. 
Berninger F., Makela A. & Hari P. (1996). Optimal control of gas exchange during 
drought: empirical evidence. Annals of Botany 77, 469-476. 
Blackman P.O. & Davies W.J. (1985). Root to shoot communication in maize (Zea- 
mays) plants and the effects of soil drying. Journal of Experimental Botany 36, (162) 
Blake J. & Ferrel W.K. (1977). The association between soil and xylem water potential, 
leaf resistance, and abscisic acid content in droughted seedlings of Douglas-fir 
(Pseudotsuga menziesii). Plant Physiology 39, 106-109. 
Bohm J. (1893). Capillaritat und saftsteigen. Berichte Deutsche Botanische Gesellschaft 
11,203-212. 
88 
Boracynski A. (1991). Range of natural distribution (of Scots pine). In Developments in 
Plant Genetics and Breeding: 3. Genetics of Scots pine. (Eds. M. Giertych & C. Matyas) 
pp. 19-30. Elsevier, Amsterdam: 
Borghetti M., Edwards W.R.N., Grace J., Jarvis P.G. & Raschi A. (1991). The refilling 
of embolized xylem in Pinus sylvestris. Plant, Cell and Environment 14, 357-369. 
Borghetti M., Raschi A. & Grace J. (1989). Ultrasound emission after cycles of water 
stress in Picea abies. Tree Physiology 5, 229-237. 
Boucher J.-F., Munson A.D. & Bemier P.Y. (1995). Foliar absorption of dew influences 
shoot water potential and root growth in Pinus strobus seedlings. Tree Physiology 15, 
8 19-823. 
Bunce J.A. (1981). Comparative responses of leaf conductance to humidity in single 
attached leaves. Journal of Experimental Botany 32, 629-634. 
Bunce J.A. (1984). Effects of humidity on photosynthesis. Journal of Experimental 
Botany 35, 1245-1251. 
Bunce J.A. (1997). Does transpiration control stomatal responses to water vapour 
pressure deficit? Plant, Cell and Environment 20, 131-135. 
Calvet J.-C., Noilhan J., Roujean J.-L., Bessemoulin P., Cabelguenne M., Olioso A. & 
Wigneron J.-P. (1998). An interactive vegetation SVAT model tested against data from 
six contrasting sites. Agricultural and Forest Meteorology 92, 73-95. 
Cannell M.G.R., Grace J. & Booth A. (1989). Possible impacts of climatic warming on 
trees and forests in the United Kingdom. Forestry 62, (4) 337-3 64. 
Canny M.J. (1995). A new theory for the ascent of sap: cohesion supported by tissue 
pressure. Annals of Botany 75, 343-357. 
Canny M.J. (1997). Vessel contents during transpiration - embolisms and refilling. 
American Journal of Botany 84 (9), 1223-1230. 
Ciresla W.M. (1995). Climate change, forests and forest management: an overview. 
United Nations Food and Agriculture Organisation, Rome. 
Cochard H. (1992) Vulnerability of several conifers to air embolism. Tree Physiology 
11, 73-83. 
Cochard H., Cruziat P. & Tyree M.P. (1992). Use of positive pressures to establish 
vulnerability curves: further support for the air-seeding hypothesis and implications for 
pressure-volume analysis. Plant Physiology 100, 205-209. 
Cowan I.R. (1977). Stomatal behaviour and environment. Advances in Botanical 
Research 4, 117-228. 
Cowan I.R. (1982). Water use and optimisation of carbon assimilation. In Encyclopaedia 
of plant physiology. Physiological plant ecology: H. Water relations and carbon 
assimilation (Eds. O.L. Lange, C.B. Nobel, C.B. Osmond & H. Ziegler) pp.  589-630. 
Springer-Verlag, Berlin: 
Cowan I.R. & Farquhar G.D. (1977). Stomatal function in re!ation to !eaf metabolism 
and environment. Society of Experimental Biology 1977: Symposium 3 1491-505. 
Crombie D.S., Hipkins M.F. & Mi!bum J.A. (1985). Gas penetration of pit membranes 
in the xylem of Rhododendron as the cause of acoustica!!y detectable sap cavitation. 
Australian Journal of Plant Physiology 12, (5) 445-454. 
Davies W.J. (1995). Plant hormones and ecophysio!ogy of conifers. In Physiological 
ecology: ecophysiology of coniferous forests. (Eds. W.K. Smith & T.M. Hinck!ey) pp. 
63-78. Academic Press, Inc. London: 
Davies W.J., Palmer S.J., Thompson D.S. & Clephan A.L. (1995). Control of growth 
and stomatal functioning by chemical signals from roots. Journal of Experimental 
Botany 43 (Supplement), 61-62. 
Davies W.J., Tardieu F. & Trejo C.L. (1994). How do chemical signa!s work in plants 
that grow in drying soil? Plant Physiology 104, (2) 309-314. 
Dewar R.C. (1995). Interpretation of an empirical model for stomatal conductance in 
terms of guard cell function. Plant, Cell and Environment 18, 365-372. 
Dixon H.H. (1914). Transpiration and the ascent of sap in plants. MacMillan, London. 
Dixon H.H. & Joly J. (1896). On the ascent of sap. Philosophical Transactions of the 
Royal Society of London B 186, 563-576. 
91 
Dixon M.A., Grace J. & Tyree M.T. (1984). Concurrent measurements of stem density, 
leaf water potential and cavitation on a shoot of Thuja occidentalis.. Plant, Cell & 
Environment 7, 615-618. 
Dodd I.C., Stikic R. & Davies W.J. (1996). Chemical regulation of gas exchange and 
growth of plants in drying soil in the field. Journal of Experimental Botany 47 (3), 
1475-1490. 
Dougherty P.M., Whitehead D. & Vose J.M. (1994). Environmental influences on the 
phenology of pine. In Environmental constraints on the structure and productivity of 
pine forest ecosystems: a comparative analysis. (Eds. H.L. Gholz, S. Linder & R.E. 
McMurtie) pp.  64-75. Ecological Bulletin, Copenhagen: 
Edwards W.R.N., Becker P. & Cermak J. (1997). A unified nomenclature for sap flow 
measurements. Tree Physiology 17 (1), 65-67. 
Edwards W.R.N., Jarvis P.G., Grace J. & Moncrieffi.B. (1994). Reversing cavitation in 
tracheids of Pinus sylvestris under negative water potentials. Plant, Cell and 
Environment 17, 389-397. 
Ellerby D.J. & Ennos A.R. (1998). Resistances to fluid flow of model xylem vessels 
with simple and scalariform perforation plates. Journal of Experimental Botany 49 
(323), 979-985. 
Else M.A., Hall K.C., Arnold G.M., Davies W.J. & Jackson M.B. (1995). Export of 
abscisic acid, 1-aminocyclopropane-1-carboxylic acid, phosphate and nitrate from roots 
to shoots of flooded tomato plants. Plant Physiology 107, (2) 377-384. 
92 
Ewers F.W. & Zimmerman M.H. (1984). The hydraulic architecture of Eastern Hemlock 
(Tsuga canadensis). Canadian Journal of Botany 62, 940-946. 
Farquhar G.D. (1978). Feedforward responses of stomata to humidity. Australian 
Journal of Plant Physiology 5, 787-800. 
Forseth I.N. & Ehleringer J.R. (1983). Ecophysiology of two solar tracking desert winter 
annuals : III Gas exchange responses to light, CO2 and vapour pressure deficit in relation 
to long-term drought. Oecologia 57, 344-351. 
Friend A.D., Woodward F.I. & Switsur V.R. (1989). Field measurements of 
photosynthesis, stomatal conductance, leaf nitrogen and 8 13 C along altitudinal gradients 
in Scotland. Functional Ecology 3, 117-122. 
Fuchs E.E. & Livingston N.J. (1996). Hydraulic control of stomatal conductance in 
Douglas fir (Pseudotsuga menziesii). Plant, Cell and Environment 19, (9) 109 1-1098. 
Gibbs R.D. (1958). Patterns of the seasonal water content of trees. In: The physiology 
offorest trees. (Ed. KV Thinmann) pp.  43-66. Ronald Press, New York. 
Gollan T., Passioura J.B. & Munns R. (1986). Soil water status affects the stomatal 
conductance of fully turgid wheat and sunflower leaves. Australian Journal of Plant. 
Physiology 13, 459-464. 
Gollan T., Schurr U. & Schulze E.-D. (1992). Stomatal response to drying soil in 
relation to changes in the xylem sap composition of Helianthus annuus: II. Stomatal 
sensitivity to abscisic acid imported from the xylem sap. Plant, Cell and Environment 
15, (5) 561-567. 
93 
Gowing D.J.G., Davies W.J. & Jones H.G. (1990). A positive root-source signal as an 
indicator of soil drying in apple, Malus domestica. Journal of Experimental Botany 41, 
(233) 1535-1540. 
Gowing D.J.G., Jones H.G.& Davies W.J. (1993). Xylem transported abscisic acid: the 
relative importance of its mass and its concentration in the control of stomatal aperture. 
Plant, Cell and Environment 16, 453-459. 
Grace J. (1987). Climatic tolerance and the distribution of plants. New Phytologist 106, 
113-130. 
Grace J. (1993a). Refilling of embolised xylem. In Water transport in plants under 
climatic stress. (Eds. M. Borghetti, J. Grace & A. Raschi) pp.  52-62. Cambridge 
University Press, Cambridge: 
Grace J. (1993b) Consequences of xylem cavitation for plant water deficits. In Water 
deficits:plant responses from cell to community. (Eds. J.A.C. Smith & H. Griffiths) pp. 
109-127. BIOS Scientific Publishers Ltd. Oxford: 
Grace J. (1997). Plant water relations. In Plant ecology. (Ed. M.J. Crawley) pp.  28-50. 
Blackwell Scientific Publishers, Oxford: 
Grace J. & Unsworth M.H. (1988). Climate and microclimate of the uplands. In The 
changing uplands. (Eds. D.B.A. Thompson & M.B. Usher) pp.  137-150 Blackwell 
Scientific Publishers, Oxford: 
94 
Grammatikopoulos G. & Manetas Y. (1994). Direct absorption of water by hairy leaves 
of Phiomis fruticosa and its contribution to drought avoidance. Canadian Journal of 
Botany 72, 1805-1811. 
Habermehi A. (1982a). A new non-destructive method for determining internal wood 
conditions and decay in living trees: I. Principles, method and apparatus. Arboricultural 
Journal 6, 1-8. 
Habermehi A. (1982b). A new non-destructive method for determining internal wood 
conditiàhs and dëcay in living frèes: IL Results and further developments. Arboricultural 
Journal 6, 121-130. 
Hacke U. & Sauter J.J. (1995). Vulnerability of xylem to embolism in relation to leaf 
water potential and stomatal conductance in Fagus sylvatica f purpurea and Populus 
balsamfera. Journal of Experimental Botany 46, (290) 1177-1183. 
Hacke U. & Sauter J.J. (1996). Drought-induced xylem dysfunction in petioles, branches 
and roots of Populus balsamfera and Alnus glutinosa.. Plant Physiology 111, (2) 413-
417. 
Hartung W. & Davies W.J. (1991). Drought-induced changes in physiology and ABA. 
In Abscisic Acid: physiology and biochemistry. (Eds. W.J. Davies & H.G. Jones) pp.  63-
80. BIOS Scientific Publishers, Oxford: 
Hartung W. & Radin J.W. (1989). Abscisic acid in the mesphyll apoplast and in the root 
xylem sap of water stressed plants. The significance of pH gradients. Current topics in 
Plant Biochemistry and Physiology 8, 110-124. 
95 
Hartung W., Wilkinson S. & Davies W.J. (1998). Factors that regulate abscisic acid 
concentrations at the primary site of action at the guard cell. Journal of Experimental 
Botany 49 (Special Issue), 361-367. 
Hinckley T.M., Lassoie J.P. & Running S.W. (1978). Temporal and spatial variations in 
the water status of forest trees. Forest Science Monograph 20, pp.70 . 
Houghton J.T., Callander B.A. & Varney S.K. (1992). Climate Change 1992: 
supplementary report to the IPCC ScientUIc Assessment. Cambridge University Press, 
Cambridge. 
Huber B. (1924). Die Beurteilung des Wasser haushaltes der Pflanze. J b Wiss Botany 
64, 1-120. 
Ikeda T. & Ohtsu M. (1992). Detection of xylem cavitation in field-grown pine trees 
using the acoustic emissions technique. Ecological Research 7, 39 1-395. 
Innes J.L. (1993). Forest health: its assessment and status. CAB International, 
Wallingford, England. 
Irvine J. & Grace J. (1997a). Non-destructive measurement of stem water content by 
time domain reflectometry using short probes. Journal of Experimental Botany 48, 813-
818. 
Irvine J. & Grace J. (1997b). Continuous measurements of water tensions in the xylem 
of trees based on the elastic properties of wood. Planta, 202, 455-461. 
Irvine J., Perks M.P., Magnani F. & Grace J. (1998). The response of Pinus sylvestris to 
drought: stomatal control of transpiration and hydraulic conductance. Tree Physiology 
18, (6) 393-402. 
Jackson G B, Irvine J, Grace J & Khalil A A M. (1995). Abscisic acid concentrations 
and fluxes in droughted conifer saplings. Plant, Cell and Environment 18, (1) 13-22. 
Jackson G.E., Irvine J. & Grace J. (1995a). Xylem cavitation in two mature Scots pine 
forests growing in a wet and a dry area of Britain. Plant,Cell and Environment 18, 
1411-1418. 
Jackson G.E., Irvine J. & Grace J. (1995b). Xylem cavitation in Scots pine and Sitka 
spruce saplings during water stress. Tree Physiology 15, 783-790. 
Jackson G.E. & Grace J. (1996) Field measurements of xylem cavitation: are acoustic 
emissions useful? Journal of Experimental Botany 47, (304) 1643-1650. 
Jarvis A.J. & Davies W.J. (1997). Whole-plant ABA flux and the regulation of water 
loss in Cedrella odorata. Plant, Cell and Environment 20, (4) 521-527. 
Jarvis P.O. (1976). The interpretation of the variations in leaf water potential and 
stomatal conductance found in canopies in the field. Philosophical Transactions of the 
Royal Society of London B 273, 593-6 10. 
Johnson J.D. & Ferrell W.K. (1983). Stomatal response to vapour-pressure deficit and 
the effect of plant water status. Plant, Cell and Environment 6 (6), 451-456. 
97 
Jones H.G. (1985). Partitioning stomatal and non-stomata1 limitations to photosynthesis. 
Plant, Cell and Environment 8, 95-104. 
Jones H.G. (1987). Correction for non-specific, interference in competitive 
immunoassays. Physiologia Planatarum 70, 146-154. 
Jones H.G. (1992). Plants and microclimate. Cambridge University Press, Cambridge. 
Jones H.G. (1993). Stomatal control of xylem cavitation. In Water transport in plants 
under climatic stress. (Eds. M. Borghetti, J. Grace & A. Raschi) pp.  41-51. Cambridge 
University Press, Cambridge: 
Jones H.G. (1998). Stomatal control of photosynthesis and transpiration. Journal of 
Experimental Botany 49 (Special Issue), 3 87-398. 
Jones H.G. & Sutherland R. (1991). Stomatal control of xylem embolism. Plant, Cell and 
Environment 14 (6), 607-612. 
Katz C., Oren R., Schulze E.-D. & Milburn J.A. (1989). Uptake of water and solutes 
through twigs of Picea abies. Trees 3, 33-37. 
Kelliher F.M., Leuning R. & Schulze E.-D. (1993). Evaporation and canopy 
characteristics of coniferous forests and grassland. Qecologia 95, 153-163. 
Khalil A.A.M. & Grace J. (1993). Does xylem sap ABA control the stomatal behaviour 
of water- stressed sycamore (Acer pseudoplatanus) seedlings? Journal of Experimental 
Botany 44 (264), 1127-1 134. 
98 
Kikuta S.B., Lo Gullo M.A., Nardini A., Richter H. & Salleo S. (1997). Ultrasound 
acoustic emissions from dehydrating leaves of deciduous and evergreen trees. Plant, 
Cell and Environment 20, 1381-1390. 
Kline J.R., Reed K.L., Waring R.H. & Stewart M.L. (1976). Field measurement of 
transpiration in Douglas-fir. Journal ofApplied Ecology 13, 273-283. 
Knight D.H., Vose J.M., Baldwin V.C., Ewel K.C. & Grodzinska K. (1994). Contrasting 
patterns in pine forest ecosystems. Ecology Bulletin 43, 9-19. 
Kostner B., Biron P., Siegwolf R. & Granier A. (1996). Estimates of water vapour flux 
and canopy conductance of Scots pine at the tree level utilising different xylem sap flow 
methods. Theoretical and Applied Climatology 53, 105-113. 
Kowalik P., Borghetti M., Borselli L., Magnani F., Sanesi G. & Tognetti R. (1997). 
Diurnal water relations of beech (Fagus sylvatica) trees in the mountains of Italy. 
Agricultural and Forest Meteorology 84, 11-23. 
Kozlowski T.T. (1991). Water stress. In The physiological ecology of woody plants. 
(Eds. T.T. Kozlowski, P.J. Kramer & G. Pallardy) pp.  248-302. Academic Press, 
London. 
Kozlowski T.T. & Pallardy S.G. (1997). Transpiration and plant water balance. In 
Physiology of woody plants. (Eds. T.T. Kozlowski & S.G. Pallardy) pp.  269-308 
Academic Press, London: 
Leuning R. (1995). A critical appraisal of a combined stomatal-photosynthesis model for 
C3 plants. Plant, Cell and Environment 18, 339-355. 
Leyton L. & Juniper B.E. (1963). Cuticle structure and water relations of pine needles. 
Nature 198, (May 25) 770-771. 
Lindner M., Bugman H., Lasch P., Flechsig M. & Cramer W. (1997). Regional impacts 
of climatic change on forests in the state of Brandenburg, Germany. Agricultural and 
Forest Meteorology (84) 123-135. 
Lo Gullo M.A. & Salleo S. (1991.) Three different methods for measuring xylem 
cavitation and embolism: a comparison. Annals of Botany 67, 4 17-424. 
Lo Gullo M.A. & Salleo S. (1992). Water storage in the wood and xylem cavitation in 1-
year-old twigs of Populus deltoides. Plant, Cell and Environment 15, 431-438. 
Lo Gullo M.A. & SaIleo S. (1993). Different vulnerabilities of Quercus ilex L. to 
freeze- and summer drought-induced xylem embolism: an ecological interpretation. 
Plant, Cell and Environment 16, 511-519. 
Loewenstein N.J. & Pallardy S.G. (1998). Drought tolerance, xylem abscisic acid and 
stomatal conductance during soil drying: a comparison of canopy trees of three 
temperate deciduous angiosperms. Tree Physiology 18, 43 1-439. 
Lohammer T., Larsen S., Linder S. & Falk S.O. (1980). FAST-simulation models of 
gaseous exchange in Scots pine. In Structure and function of northern conferous 
forests:an ecosystem study (Ed. T Persson). Ecological Bulletin 32, 505-523. 
100 
Loveys B.R. (1984). Abscisic acid transport and metabolism in grapevine (Vitus 
vinfera). New Phytologist 98, 575-5 82. 
Ludlow M.M. (1980). Adaptive significance of stomatal responses to water stress. In 
Adaptation of plants to water and high temperature stress. (Eds. N.C. Turner & P.J. 
Kramer) pp.  123-138. Wiley, New York. 
Luoma S. (1997). Geographical pattern in photosynthetic light response of Pinus 
sylvestris in Europe. Functional Ecology 11, 273-281. 
Magnani F. & Borghetti M. (1995). Interpretation of seasonal changes of xylem 
embolism and plant hydraulic resistance in Fagus sylvatica. Plant, Cell and Environment 
18, 689-696. 
Magnani F. & Grace, J. (1998). Hydrall-simulating optimal carbon allocation and tree 
growth under hydraulic constraints in Scots pine (Pinus sylvestris L.) (In press). 
Malone M. (1993). Hydraulic signals. Philosophical Transactions of the Royal Society 
of London B 341, 33-39. 
Manabe S. & Wetherald R.T. (1985). CO2 and Hydrology. Advances in Geophysics, 28, 
13 1-155. 
Manabe S. & Wetherald R.T. (1988). Reduction in summer soil wetness induced by an 
increase in atmospheric carbon dioxide. Science, 232, 626-628 
McCully M.E., Huang C.X. & Ling L.E.C. (1998). Daily embolism and refilling of 
xylem vessels in the roots of field-grown maize. New Phytologist 138, 327-342. 
101 
McMurtie R.E., Leuning R., Thompson W.A. & Wheeler A.M. (1992). A model of 
canopy photosynthesis and water use incorporating a mechanistic formulation of leaf 
CO2 exchange. Forest Ecology and Management 52, 26 1-278. 
Meinzer F.C., Hinckley T.M. & Ceulemans R. (1997). Apparent responses of stomata to 
transpiration and humidity in a hybrid poplar canopy. Plant, Cell and Environment 20, 
130 1-1308. 
Mencuccini M. & Comstock J. (1997). Vulnerability to cavitation in populations of two 
desert species, Hymenoclea salsola and Ambrosia dumosa, from different climatic 
regions. Journal of Experimental Botany 48, 1323-1334. 
Mencuccini M. & Grace J. (1996). Developmental patterns of above-ground hydraulic 
conductance in Scots pine (Pinus sylvestris). Plant, Cell and Environment 19, (8) 939 
948. 
Mencuccini M., Grace J. & Fioravanti M. (1997). Biomechanical and hydraulic 
determinants of tree structure in Scots Pine: anatomical characteristics. Tree Physiology 
17, 105-113. 
Milburn J.A. (1979). Xylem - the vulnerable pipeline. In Water flow in plants. pp. 81-
103. Longman, London: 
Milburn J.A. (1993). Cavitation. A review: past, present and future. In Water transport 
in plants under stress. (Eds. M. Borghetti, J. Grace & A. Raschi) pp.  15-26. Cambridge 
University Press, Cambridge: 
102 
Milburn J.A. (1996). Sap ascent in vascular plants: challengers to the cohesion theory 
ignore the significance of immature xylem and the recycling of Munch water; Annals of 
Botany 78, 399-407. 
Milburn J.A. & Johnson R.P.C. (1966). The conduction of sap: II. Detection of 
vibrations produced by sap cavitation in Ricinus xylem. Planta 69, 43-52. 
Monteith J.L. (1995). A reinterpretation of stomatal responses to humidity. Plant, Cell 
and Environment 18, 357-364. 
Mooney H.A., Drake B.G., Luxmoore R.J., Vechel W.C: & Pitelka L.F. (1991). 
Predicting ecosystem response to elevated carbon dioxide concentrations. Bioscience 
41, 96-104. 
Mott K.A. & Parkhurst D.F. (1991). Stomatal responses to humidity in air and helox. 
Plant, Cell and Environment 14, 509-515. 
Ng P.A.P. & Jarvis P.G. (1980). Hysteresis in the response of stomatal conductance in 
Pinus sylvestris needles to light: observations and a hypothesis. Plant, Cell and 
Environment 3, 207-2 16. 
Nobel P.S. (1991). Physicochemical and environmental plant physiology. Academic 
Press, London. 
Oertli J.J. (1993). Effect of cavitation on the status of water in plants. In Water 
transport in plants under climatic stress. pp. 27-40. Cambridge University Press, 
Cambridge: 
103 
Ojansuu R. & Maltamo M. (1995). Sapwood and heartwood taper in Scots pine stems. 
Canadian Journal of Forest Research 25, (12) 1928-1943. 
Pallardy S.G. (1989). Hydraulic architecture and conductivity: an overview. In 
Structural and functional responses to environmental stresses. (Eds. K.H. Kreeb, H. 
Richter & T.M. Hinckley) pp.  3-19. SPB Academic Publishing, The Hague, 
Netherlands: 
Parkinson K.J. (1983). Porometry. In Instrumentation for environmental physiology. 
(Ed. P.I. Woodward) Cambridge University Press, Cambridge: 
Passioura J.B. (1982) Water in the soil-plant-atmosphere continuum. In Physiological 
plant ecology: Ii Water relations and carbon assimilation. (Eds. O.L. Lange, P.S. 
Nostell, C.B. Osmond & H. Ziegler) pp.  5-33. Springer-Verlag, New York: 
Peña J. & Grace J. (1986). Water relations and ultrasound emissions of Pinus sylvestris 
before, during and after a period of water stress. New Phytolo gist 103, 515-524. 
Perks M.P. & Ennos R.A. (1998). Analysis of genetic variation for quantitative 
characters between and within four native populations of Scots pine ( Pinus sylvestris). 
Botanical Journal of Scotland (In press). 
Petty J.A. (1978). Fluid flow through vessels of birch wood. Journal bf Experimental 
Botany 29, 1463-1469. 
Pickard W.F. (1989). How might a tracheary element which is embolized by day be 
healed by night ? Journal of Theoretical Biology 141, 259-279. 
104 
Picon, C., Geuhi, J.M. & Ferhi, A. (1996). Leaf gas exchange and carbon isotope 
composition responses to drought in a drought-avoiding (Pinus pinaster) and a drought-
tolerant (Quercus petraea) species under present and elevated CO2 concentrations. 
Plant, Cell and Environment 19, 182-190. 
Pierce M. & Raschke K. (1980). Correlation between loss of turgor and accumulation of 
abscisic acid in detached leaves. Planta 148, (2) 174-182. 
Pockman W.T., Sperry J.S. & O'Leary J.W. (1995). Sustained and significant negative 
water pressure in the xylem. Nature 378, 715-716. 
Prentice I.C., Sykes M.T. &. Cramer W. (1993). A simulation model for the effects of 
climate change on forest landscapes. Ecological Modelling 65, 51-70. 
Quarrie S.A., Whitford P.N., Appleford N.E.J., Wang T.L., Cook 5K., Henson I.E. & 
Loveys B.R. (1988). A monoclonal antibody to S-abscisic acid : its characterisation and 
use in a radioimmunoassay for measuring abscisic acid in crude extracts of cereal and 
lupin leaves. Planta 173, (3) 330-339. 
Raschi A., Tognetti R., Kidder H.-W. & Beres C. (1995). Water in stems of sessile oak 
(Quercus petraea) assessed by computer tomography with concurrent measurements• of 
sap velocity and ultrasound emission. Plant, Cell and Environment 18, 545-5 54. 
Ratcliffe R.G. (1991). Nuclear magnetic resonance in plant science research. Botanical 
Journal of Scotland 46, 107-120. 
Richter H. (1997). Water relations of plants in the field : some comments on the 
measurement of selected parameters. Journal of Experimental Botany 48, 1-7. 
105 
Richter J.P. (1970). The Notebooks of Leonardo da Vinci (1452 - 1519), compiled and 
edited from the original manuscripts. Dover, New York. 
Rind D., Goldberg R., Hanson J., Rosenzweig C. & Reudy R. (1990). Potential 
evapotranspiration and the likelihood of drought. Journal of Geophysical Research - 
Atmosphere 95 (D7), 9983-10004. 
Roberts D.R. & Dumbroff E.B. (1986). Relationships among drought resistance, 
transpiration rates and abscisic acid levels in three northern conifers. Tree Physiology 1, 
(2) 161-168. 
Roberts J. (1976). An examination of the quantity of water stored in mature Pinus 
sylvestris trees. Journal of Experimental Botany 27, 473-479. 
Robson D.J., Petty J.A. (1993). Freezing and thawing in conifer xylem. In Water 
transport in plants under climatic stress. (Eds. M. Borghetti, J. Grace & A. Raschi) pp. 
79-89. Cambridge University Press, Cambridge: 
Saliendra N.Z., Sperry J.S. & Comstock J.P. (1995). Influence of leaf water Status on 
stomatal response to humidity, hydraulic conductance and soil drought in Betula 
occidentalis.. Planta 196, (2) 357-366. 
Salleo S., Lo Gullo M.A., De Paoli D. & Zippo M. (1996). Xylem recovery from 
cavitation-induced embolism in young plants of Laurus nobilis: a possible mechanism. 
New Phytologist 132, 47-56. 
106 
Sandford A.P. & Grace J. (1985). The measurement and interpretation of ultrasound 
from woody stems. Journal of Experimental Botany 36, (163) 298-3 11. 
Saxe H., Ellsworth D.S. &.Heath J. (1998). Tree and forest functioning in an enriched 
carbon dioxide atmosphere. New Phytologist 139, 395-436. 
Schlesinger W.H. (1997). Biogeochemistry: an analysis of global change. Academic 
Press, London. 
Schneider S.H. (1992). The climatic response to greenhouse gases. Advances in 
Ecological Research 22, 1-32. 
Schulte P.J., Gibson A.C. & Nobel P.S. (1989). Water flow in vessels with simple or 
compound perforation plates. Annals of Botany 64, 171-178. 	 - 
Schulze E.-D. (1986). Carbon dioxide and water vapor exchange in response to drought 
in the atmosphere and in the soil. Annual Review of Plant Physiology 37, 247-274 
Schuize E.-D. (1991). Water and nutrient interactions with plant water stress. In 
Response ofplants to multiple stresses. (Eds. H.A. Mooney, W.E.Winner, & E.J. Pell). 
pp. 89-101. Academic Press, New York. 
Schuize E.-D., Cermak J., Matyssek R., Penka M., Zimmermarin R., Vasicek F., Gries 
W. & Kucera J. (1985). Canopy transpiration and water fluxes in the xylem of the trunk 
of Larix and Picea trees: a comparison of xylem flow porometer and cuvette 
measurements. Oecologica 66, (4) 475-483. 
107 
Schuize E.-D., Steudle E., Gollan T. & Schurr U. (1988). Response to Dr. Kramer's 
article "Changing concepts regarding plant water relations" in volume 11, number 7, 
pp.565-568. Plant, Cell and Environment 11, 573-576. 
Schuur U., Gollan T. & Schulze E.-D. (1992). Stomatal response to drying soil in 
relation to changes in the xylem sap composition of Helianthus annuus. II Stomatal 
sensitivity to abscisic acid imported from the xylem sap. Plant, Cell and Environment 
15, 561-567. 
Shnozaki K, Yoda K , Hozumi, K & Kira T. (1964a). A quantitaive analysis of plant 
form- the Pipe model theory: I. Basic analysis. Japanese Journal of Ecology, 14, 97-
105. 
Shnozaki K, Yoda K, Hozumi, K & Kira T. (1964b). A quantitaive analysis of plant 
form- the Pipe model theory: II. Further evidence of the theory and its application in 
forest ecology. Japanese Journal of Ecology, 14, 133-139. 
Shuttleworth W.J. (1989). Micrometeorology of temperate and tropical forests. 
Philosophical Transactions of the Royal Society of London B 324, 299-334. 
Siau F. (1971). In Flow in wood. Syracuse University Press, New York; 
Solomon A.M. (1986). Transient response to CO2-induced climate change: simulation 
modelling experiments in eastern North America. Oecologia 68, 567-579. 
Sperry J.S. (1993). Winter xylem embolism and spring recovery in Betula cordfolia, 
Fagus grandflora, Abies balsam ica and Picea rubens. In Water transport in plants 
108 
under climatic stress. (Eds. M. Borghetti, J. Grace & A. Raschi) pp.  86-98. Cambridge 
University Press, Cambridge: 
Sperry J.S., Donnelly J.R. & Tyree M.T. (1988). A method for measuring hydraulic 
conductivity and embolism in xylem. Plant, Cell and Environment 11, 3 5-40. 
Sperry J.S. & Ikeda T. (1997). Xylem cavitation in roots and stems of Douglas-fir and 
white fir. Tree Physiology 17, 275-280. 
Sperry J.S., Nichols K.L., Sullivan J.E.M. & Eastlack S.E. (1994). Xylem embolism in 
ring-porous, diffuse-porous and coniferous trees of northern Utah and interior Alaska. 
Ecology 75,(6) 1736-1752. 
Sperry J.S. & Saliendra N.Z. (1994). Intra- and inter-plant variation in xylem cavitation 
in Betula occidentalis. Plant, Cell and Environment 17, 1233-1241. 
Sperry J.S., Saliendra N.Z., Pockman W.T., Cochard H., Cruzial P., Davies S.D., Ewers 
F.W. & Tyree M.T. (1996). New evidence for large negative xylem pressures and their 
measurement by the pressure chamber method. Plant Cell and Environment 19, 427-
436. 
Sperry V.S. & Sullivan J.E.M. (1992). Xylem embolism in response to freeze-thaw 
cycles and water stress in ring-porous, diffuse-porous and conifer species. Plant 
Physiology 100, 605-613. 
Sperry V.S. & Tyree, M. T. (1988). Mechanism of water stress-induced xylem 
embolism. Plant Physiology 88,(3) 581-5 87. 
109 
Spiecker H. Mielikainen K. Kohl M. & Skovsgaard J. (Eds) (1996). Growth trends in 
European forests. Springer-Verlag, Berlin. 
Stone, E.C., Shachori, A.Y. & Stanley, R.G. (1956). Water absorption of Ponderosa 
pine seedlings and its internal redistribution. Plant Physiology 31, 120-126. 
Sturm N., Kostner B., Hartung W. & Tenhunen J. (1998). Environmental and 
endogenous controls on leaf- and stand-level water conductance in a Scots pine 
plantation. Annales des Sciences Forestieres 55, 237-253. 
Tardieu F. (1993). Will increases in our understanding of soil-root relations and root 
signalling substantially alter water flux models? Philosophical Transactions of the Royal 
Society of London B 341, 57-66. 
Tardieu F. & Davies W.J. (1992). Integration of hydraulic and chemical signalling in the 
control of stomatal conductance and water status of droughted p1ants Plant, Cell and 
Environment 98, (2) 540-545. 
Tardieu F., Lafarge T. & Simoimeau T. (1996). Stomatal control by fed or endogenous 
xylem ABA in sunflower: interpretation of correlations between leaf water potential and 
stomatal conductance in anisohydric species. Plant,Cell and Environment 19, (1) 75-84. 
Tardieu F. & Simonneau T. (1998). Variability among species of stomatal control under 
fluctuating soil water status and evaporative demand : modelling isohydric and 
anisohydric behaviours. Journal of Experimental Botany 49, 4 19-432. 
Tenhunen J.D., Hanano R., Abril M., Weiler W.W. & Hartung W. (1994). Above- and 
below-ground environmental influences on leaf conductance of Ceanothus thyrsflorus 
110 
growing in a chaparral environment : drought response and the role of abscisic acid. 
Oecologia 99, (3-4) 306-3 14. 
Thompson W.A. & Wheeler A.M. (1992). Photosynthesis by mature needles of field-
grown Pinus radiata.. Forest Ecology and Management 52, 225-242. 
Thompson D.S., Wilkinson S., Bacon M.A. & Davies W.J. (1997). Multiple signals and 
mechanisms that regulateleaf growth and stomatal behaviour during water deficit. 
Physiologia Planatarum 100, 303-313. 
Trejo C.L., Clephan A.L. & Davies W.J. (1995). How do stomata read abscisic acid 
signals? Plant Physiology 109, (3) 803-811. 
Trejo C.L. & Davies W.J. (1991). Drought-induced closure of Phaseolus vulgaris.. 
Journal of Experimental Botany 42, (245) 1507-1516. 
Triboulot M.B., Fauveau M.L., Breda N., Label P. & Dreyer E. (1996). Stomatal 
conductance and xylem-sap abscisic acid (ABA) in adult oak trees during a gradually 
imposed drought. Annales des Sciences Forestieres 53, (2-3) 207-220. 
Tributsch H. (1992). The water-cohesion-tension insufficiency syndrome of forest 
decline. Journal of Theoretical Biology 156, (2) 235-267 
Tsuda M. & Tyree M.L. (1997). Whole-plant hydraulic resistance and vulnerability 
segmentation in Acer saccharinum. Tree Physiology 17, 359-365. 
111 
Turner N.C. (1974). Stomatal response to light and water under field conditions. In 
Mechanisms of regulation of plant growth. (Eds. R.L. Bielski, A.R. Ferguson & M.M. 
Cresswell) pp.  423-432. Royal Society of New Zealand, 
Turner N.C., Schuize E.-D. & Gollan T. (1984). The responses of stomata and leaf gas 
exchange to vapor pressure deficits and soil water content. Oecologia 63, (3) 338-342. 
Tyree M.T. & Dixon M.A. (1983). Cavitation events in Thuja occidentalis. Plant 
Physiology 72, 1094-1099. 
Tyree M.T. & Dixon M.A. (1986). Water stress induced cavitation and embolism in 
some woody plants. Physiologia Plantarum 66, 397-405. 
Tyree M.T. & Donnelly J.L. (1988). Vulnerability to xylem embolism in a mangrove 
versus an inland species of Rhizophoraceae. Physiologia Planatarum 74, 276-283. 
Tyree M.T. & Ewers F.W. (1991). The hydraulic architecture of trees and other woody 
plants. New Phytologist 119, 345-360. 
Tyree M.T. & Sperry J.S. (1988). Do woody plants operate near the point of catastrophic 
xylem dysfunction caused by dynamic water stress ? Plant Physiology 88, 574-580. 
Tyree M.T. & Sperry J.S. (1989a). Vulnerability of xylem to cavitation and embolism. 
Annual Review of Plant Physiology and Molecular Biology 40, (19) 38 
Tyree M.T. & Sperry J.S. (1989b). Characterisation and propagation of acoustic 
emission signals in woody plants: towards an improved emission counter. Plant, Cell & 
Environment 12, 371-382. 
112 
Tyree M.T. & Yang S. (1990.) Water storage capacity of Thuja, Tsuga, and Acer stems 
measured by dehydration isotherms: the contribution of capillary water and cavitation. 
Planta 182, 420-426. 
van den Honert T.H. (1948). Water transport in plants as a catenary process. Discussions 
of the Faraday Society 3, 146-153. 
Waring R.H. & Running S.W. (1978). Sapwood water storage: its contribution to 
transpiration and effect upon water and conductance through stems of old growth 
Douglas fir. Plant, Cell and Environment 1, 131-140. 
Waring R.H., Whitehead D. & Jarvis P.G. (1979). The contribution of stored water to 
transpiration in Scots pine. Plant, Cell and Environment 2, 309-317. 
Wartinger A., Heilmeier H., Hartung W. & Schuize E.-D. (1990). Daily and seasonal 
courses of leaf conductance and abscisic acid in the xylem sap of almond trees (Prunus 
dulcis). New Phytologist 116, (4) 58 1-588. 
Wetherald T. & Mannabe S. (1995). The mechanisms of summer dryness induced by 
greenhouse warming. Journal of Climate 8, 3096-3 108. 
Whitehead D. (1998). Regulation of stomatal conductance and transpiration in forest 
canopies. Tree Physiology 18, 633-644. 
Whitehead D. & Jarvis P.G. (1981). Coniferous forests and plantations. In Water deficits 
and plant growth. (Ed. T.T. Kozlowski), pp.  49-152. Academic Press, New York: 
113 
Whitehead D., Livingston N.J., Kelliher F.M., Hogan K.P., Pepin S., McSeveny T.M. & 
Byers J.N. (1996). Response of transpiration and photosynthesis to a transient change in 
illuminated foliage area of a Pinus radiata D. Don tree. Plant, Cell and Environment 
19, 949-957. 
Wilkinson S. & Davies W.J. (1997). Xylem sap pH increase: a drought signal received 
at the apoplastic face of the guard cell that involves the suppression of saturable abscisic 
acid uptake by the epidermal symplast. Plant Physiology 113, (2) 5 59-573. 
Wilkinson S., Corlett, J. E., Oger, L. & Davies W.J. (1998). Effects of xylem pH on 
transpiration from wild-type and flacca Tomato leaves: a vital role for abscisic acid in 
preventing excessive water loss even from well-watered plants. Plant Physiology 117, 
703-709. 
Williams M., Rastetter E.B., Fernandes D.N., Goulden M.L., Wofsy S.C., Shaver G.R., 
Melillo J.M., Munger J.W., Fan S.-M. & Nadeihoffer K.J. (1996). Modelling the soil-
plant-atmosphere continuum in a Quercus-Acer stand at Harvard forest: the regulation of 
stomatal conductance by light, nitrogen and soil/plant hydraulic properties. Plant, Cell 
and Environment 19, 911-927. 
Wolf 0., Jeschke W.D. & Hartung W. (1990). Long distance transport of abscisic acid in 
NaC1-treated plants of Lupinus albus. Journal of Experimental Botany 41, 593-600. 
Wright J.W. & Bull W., I. (1963). Geographic variation in Scots pine. Silvae Genetica 
12,140. 
Wright S.T.C. (1977). The relationship between leaf water potential (Pl eaf) and the 
levels of abscisic acid and ethylene in excised wheat leaves. Planta 134, 183-189. 
114 
Wullschleger S.D., Meinzer F.C. & Vertessy R.A. (1998). A review of whole-plant 
water use studies. Tree Physiology 18, 499-512. 
Zhang J. & Davies W.J. (1987). Increased synthesis of ABA in partially dehydrated root 
tips and ABA transport from roots to leaves. Journal of Experimental Botany 38, (197) 
2015-2023. 
Zhang J., Schurr U. & Davies W.J. (1987) Control of stomatal behaviour by abscisic 
acid which apparently originates in the roots. Journal of Experimental Botany 38, (192) 
1174-1181. 
Zimmerman M.H. (1983). Xylem structure and the ascent of sap. Springer-Verlag, 
Berlin. 
Zimmerman M.H., Brown C.R. (1971). Trees - structure and function. Springer-Verlag, 
Berlin. 
Zimmerman V., Meinzer F. & Bentrup F.W. (1995). How does water ascend in tall trees 




THE METHODOLOGICAL APPROACH FOR IMPOSING WATER STRESS ON A MATURE 
SCOTS PINE STAND AT DEVILLA, FIFE, UK. 
Plate 1.1. A view looking across the corner of a control plot into the suspended canopy of a water-
stressed plot. From front centre the top of the black 1.5 m vertical septum is visible. All trees in 
droughted plots had 'skirts' to ensure that stem flow was diverted outside the plot. 
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Plate 1.2. A view looking down onto the canopy walkway, which spanned a control plot and a water-
stressed plot. This gave access for growth, cavitation and gas-exchange measurements. 
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Appendix II 
THE METhOD FOR MEASUREMENT OF ULTRASONIC ACOUSTIC EMISSIONS 
Counts of ultrasound acoustic emissions from xylem were taken in situ using a 
commercial ultrasonic acoustic emission monitor (4615 Drought Stress Monitor, 
Physical Acoustics Corporation). Four transducers (sensors) (1151, Physical 
Acoustics Corporation) were placed on branches of similar age in each of one 
treatment plot: 
Plate 2.1. Positioning of an ultrasonic acoustic emission transducer on a typical branch with the 
calibration spring, which ensures a constant force of 30 N. 
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Appendix III 
THE MEASUREMENT OF PHOTOSYNTHESIS AND STOMATAL CONDUCTANCE USING THE 
LCA3 
Equipment 
The foliar exchange of CO2 and water vapour was measured in Devilla forest using a 
portable infra-red gas analyser in conjunction with a conifer cuvette leaf chamber 
(LCA3 and PLC (C), ADC, Hoddeson, UK). 
Analysis procedure 
Air drawn from a 2 m sample line is pumped in to the leaf chamber via a 1 dm 3 buffer 
tank and through chemicals that can remove CO2 (soda lime) or humidify from the air 
(ferrous sulphate). A sample of this 'reference line' air is also delivered to the optical 
bench for measurement of CO2 concentration; this is subsequently followed by 
'analysis' air that has previously passed through the chamber in which the shoot and 
needles are situated. The IRGA works as an open system, drawing air continuously 
through the sample cell. A solenoid switching system delivers air in a four stroke, 10 
second sequence: reference air - CO2 free air - analysis air - CO2 free air. 
The infra-red source emits in the 4.26 p.m band; the absorption of this signal is 
dependent upon the CO2 concentration in the sample, and is detected by a pyroelectric 
detector. The absolute sensitivity to water vapour in the 4.26 p.m band is very small. 
Corrections are made for the broadening of the CO 2 absorption band by water vapour 
and the dilution of CO2 by evaporation into the analysis stream. Humidity is 
measured by two Coreci sensors positioned in the PLC inlet and outlet lines. They 
operate as a hygroscopic polymer film separating two metal electrodes. The 
capacitance of the polymer changes with humidity, with one of the metal plates being 
very thinly plated (0.02 p.m) to ensure a response time of < 1 second. Response 
times are a little slower at very high humidity (> 85%), and some hysteresis may be 
experienced. Air and leaf temperatures are measured using 'Betatherm' precision 
thermistors, located in the chamber head and inside the chamber (placed against the 
leaf) respectively. The software supplied with the system can also be used to 
calculate leaf temperature from the energy balance (Parkinson 1983). Radiation is 
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sensed in the 0.4 - 0.7 m band as photosynthetic photon flux density (Q) using a 
filtered selenium photovoltaic cell mounted on the top of the chamber. 
Calibration 
Calibration for CO2 was carried out before each day of field measurement using the 
LCA3 software and a gas of known CO2 concentration, available in the laboratory at 
Edinburgh University. Calibration of the humidity sensors was done at the same time 
using a portable precision 'dew-point' water vapour generator (Li-Cor 610, Li-Cor, 
Nebraska, USA). The response of each sensor can be fine-tuned with a small 
potentiometer located inside the handle of the PLC. The leaf temperature sensors 
were calibrated using standard resistors of 2 kQ (equivalent to 25 °C) and 1.15 k) 
(equivalent to 40 °C) connected to plugs that were then inserted into the thermistor 
socket on the PLC. The air temperature sensors were checked independently against a 
Cu-Cn thermocouple in a temperature controlled room at Edinburgh University on 
three occasions over the season. 
Boundary layer resistance and system response time 
The boundary layer resistance of a leaf (rb) in the chamber needs to be measured so 
that the stomatal resistance can be derived from changes in the water vapour pressure 
of analysis (sample) and reference (ambient) air. To do this a sample of foliage was 
saturated by mist spraying, excess moisture was removed by tapping the sample, and 
the sample was then placed in the chamber. The mean value for rb in this chamber 
was 0.28 m2  s molT'. The response time of the PLC is determined by its volume and 
the flow rate used: in this study at a flow rate of 300 cm 3 min 1 equilibrium was 
reached after approximately 30 seconds. 
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Appendix IV 
RADIOIMMUNOASSAY (RIA) FOR ABA MEASUREMENT 
IV. 1 THEORY OF RIA 
The term radioimmunoassay describes the quantitative determination of a biological 
substance using radiochemical and immunological techniques. The major advantage 
of RIA is that its specificity and sensitivity allows concentrations in the picomolar 
region to be accurately measured. Thus the development of immunoassays utilising 
monoclonal antibodies to ABA has provided rapid and sensitive methods for ABA 
measurement in minute amounts of plant material (Quarrie et.al., 1988). 
RIA can be used to measure any substance that will serve as an antigen. An antigen is 
a foreign substance which when administered to an animal will trigger an immune 
response. The immune response is partly characterise.d by the synthesis and secretion 
of an antibody. The antibody is an immunoglobin protein contained in the y-globulin 
fraction of serum that specifically binds to the antigen that caused its production. 
Plant hormones are not antigenic per se as they are of low molecular weight but 
antibodies can be produced by linking the compound (known as hapten) to an antigen 
carrier such as bovine serum albumin. The resultant plant hormone-protein conjugate 
can then be used to elicit antibody production. Antibodies can thus be elicited against 
plant hormones and used for hormone quantification. It is not an absolute technique, 
however, and therefore must be calibrated against standards. 
The three basic requirements of a RIA are pure antigen (as standard), radiolabelled 
antigen and a specific antibody. The quantification then depends on the competitive 
binding of the hormone (unlabelled antigen) and the radiolabelled hormone (labelled 
antigen) to a fixed, limiting number of sites on the antibody; If no hormone is 
present, the antibody will take up the maximal quantity of labelled hormone. Under 
standard conditions the amount of labelled hormone is inversely proportional to the 
amount of unlabelled hormone with which it competes for binding sites. After the 
production of standard curves, using known concentrations of an unlabeled antigen, 
concentrations in unknown samples can then be determined. 
The RIA protocol developed by Quarrie etal. (1988) was applied in this study. 
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IV.2 MATERIALS AND METHODS 
IV.2. 1 CHEMICALS AND EQUIPMENT 
The RIA procedure required the following chemicals: 
Bovine Y-globulin (G-500 g) bovine serum albumin (A-7030), polyvinylpyrolidone 
(PVP-40), ammonium sulphate (Grade 1), and (+I-) -cis,trans-G- 3H-ABA (A-4096) 
were the products of Sigma Chemical Co. (Poole, Dorset, UK). Sodium dihydrogen 
orthophosphate (Na2111`04.21120), di-sodium hydrogen orthophosphateanhydrous 
(Na2HPO4), and sodium chloride (ANALR 100mM) were the products of Alpha 
Laboratories (BDH Limited, Poole, UK). Radioactive 3H-ABA was the product of 
Amersham International. Prof W.J.Davies, Lancaster University, at whose laboratory 
the analysis was performed, provided the monoclonal antibody (MAC 62). 
Polypropylene Eppendorf vials (1.5 cm 3) were used throughout the assay procedure 
and were supported in foam racks. A microcentrifuge (Model 5413,Eppendorf, 
supplied by Merck Ltd., Poole, Dorset, UK) was used to centrifuge samples. A 
whirlimixer (W-9, FSA Laboratory Supplies, Godalming, Surrey, UK) was used to 
aid dissolution, re-suspension and mixing. Accurate dispensation of all solutions was 
ensured by use of repetitive pipettes. Radioactivity determination was obtained by 
use of a liquid-scintillation counter (Model LS250, Beckman, High Wycombe, 
Bucks., UK). 
IV 2.2 REAGENTS 
Phosphate—buffer saline solution (PBS) 
Na2HPO4.2H20 and Na2HPO4 were dissolved in distilled, deionized water at 
concentrations of 7.1 mg cm 3 and 7.8 mg cm 3 , respectively. The former was slowly 
added to the latter until the pH was 6.0. Sodium chloride was added to the resultant 
buffer solution at a concentration of 5.8 mg cm 3 . This solution was then used as a 
buffer solution for 3H-ABA and MAC 62. 
Antibody (MAC 62) 
The antibody came in pre-diluted form. On the day of the assay it was diluted to 2.5 
mg cn73 in PBS containing 5 mg cm 3 bovine serum albumin and 4 mg cm 3 
polyvinylprolidone. 
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Ammonium sulphate solution (saturated) 
Ammonium sulphate was dissolved in distilled water until super-saturated i.e. residual 
solid co-existed with solution. 
3H-ABA stock solution 
20 mm3 of radioactive 3H-ABA, dissolved in ethanol, was diluted in 180 mm 3 of 
distilled water and frozen. On the day of the assay the stock solution was further 
diluted to 5mm3 cm 3 in PBS containing 5 mg cm 3 bovine serum albumin and 4mg 
cm 3 polyvinylprolidone. 
IV.4 ABA STANDARD PREPARATION 
The (I-) -cis,trans-G-3H-ABA was dissolved in methanol at a concentration of 0.05 
mg cm 3 . This stock solution was further diluted to obtain concentrations 0.25, 0.5, 
1.0, 2.0, and 4.Ong/50 mm3 . 
Standard dilutions were kept frozen until required when they were assayed in 
quadruplicate to obtain a calibration curve. 
IV.5 RADLOIMMUNOASSAY PROCEDURE 
All analyses used 1.5 cm3 polypropylene Eppendorf vials. For each assay ABA 
standards were run in quadruplicate to ensure an accurate standard curve was 
obtained. Three vials excluding antibody were also included to determine the level of 
non-specific binding (B m jn). Xylem sap ABA was omitted from another 3 vials to 
allow determination of maximum binding.(Bm). 
When samples had been arranged in foam racks the following procedure was 
followed:- 200 mm3 PBS (50%) + 50 mm3 in vials, or ABA standards in vials, or 
water in vials. 100 mm3 3H-ABA solution, and 100 mm3 antibody solution were then 
added (except in Bmjn vials). In Bm jn vials this exclusion was compensated for by the 
inclusion of 100 mm3 of 0.25 standard ABA, so all vials contained 450 mm 3 of assay 
mixture. The contents were then centrifuge mixed and then incubated in the dark for 
30 mm. 500 mm3 of saturated ammonium sulphate was added and whirlimixed. The 
mixture was left at room temperature for ca. 30 mm. to allow precipitation of the 
ABA-antibody complex. The precipitate was then centrifuged for 5 min to obtain a 
pellet. The supernatant was discarded, and then the pellet was returned to suspension 
by addition of 1cm 3  of saturated ammonium sulphate. This mixture was re- 
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centrifuged and the supernatant discarded. The 'clean' pellets were dissolved in 100 
mm3 of distilled water. Finally 1.4cm 3 of Ecoscint H scintillation cocktail (National 
Diagnostics, Hull, U.K) was added. After vigorous whirlimixing (the sample turned 
opaque) the Eppendorf tubes were inserted into 20cm 3 scintillation vials and the 
samples inserted into the liquid-scintillation counter (Tricarb 1600 TR, Canberra 
Packard Ltd., Pangbourne, Berks, UK), on a pre-set, automated programme. 
IV.6 CALCULATIONS & STATISTICAL ANALYSIS 
The amount of radioactivity present was obtained on a dot-matrix print-out as counts 
per minute (cpm). The results were then manually transferred into a conversion 
spreadsheet provided by the Lancaster Laboratory. 
IV.7 VALIDATION OF RIA 
The validation of the RIA, for use with unpurified sample extracts was confirmed by a 
dilutionlspike recovery test for non-specific interference (Jones, 1987). Undiluted 
(crude) sample extracts and extracts diluted to 50% and 25% with distilled water, 
were assayed in the presence of different concentrations of (+)-ABA standard ( 25, 
250, 500, 1000 and 2000 pg/50 mm 3). The data obtained showed the absence of any 
significant non-specific interference, as the regressions were parallel when compared 
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Figure IV. 1. Relationship between [ABA] recovered and [ABA] added to xylem sap extracts from 
Pinus sylvestris L.. Solid lines are regressions, symbols are uncorrected values. Closed circles represent 
a dilution of 1:1, open circles represent a dilution of 1:2, closed triangles represent a dilution of 1:4 and 
open traingles represent a dilution of 1:8. Paralellism indicates there is no significant intereference. 
IV.8 CURVE-FITrING OF SEASONAL ABA 
Seasonal trends of xylem sap ABA concentration was described by empirical 
equations (Fig. 4.6). The functions were fitted using Sigmaplot TM . 
Water-stressed treatment: 
• a linear portion from 5th May to 5th July (r 2 = 0.49) 
y=ax-b:wherex=dayofyear,a=0.2331andb12.013 
• and a lorenzian function from 6th July (r 2 = 0.89) 
y = yO + a/(l+((x-xO)/b)2): where x = day of year, yO = 12.88, a = 47.7, b = 22.34 
Control treatment: 
• a quadratic equation (r 2 = 0.64) 




PRIMARY RESPONSIBILITY FOR MEASUREMENTS 
The work described in this thesis was part of a collaborative project, supervised by 
Professor John Grace. Two other researchers were integral to the project, namely 
James Irvine and Federico Magnani. The table below is a summary of. the 
measurements taken and the personnel primarily responsible for each one. 
Measurement M. Perks J. Irvine F. Magnani 
Xylem sap abscisic acid (ABA) and pH 
Ultrasonic acoustic emissions (UAE); 
branch and bole 
Leaf 	stomatal 	conductance 	(ga) 	and 
photosynthesis (A) 
Shoot relative water content (Rshoot) 
Bole relative water content (Rbole) (by 
TDR) 
Leaf water potential (WL) 
Sap flow () and calculation of canopy 
stomatal conductance (g e) 
Meteorological 	station 	(PAR, 	VPD, 
windspeed, humidity) 
Soil water content (by TDR) 
"Resistance" 
Growth 	measurements 	(bore, 	shoot, 
needle) 
Modelling (HydRall) 
Site experimental set-up 
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